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DETAILED ACTION 



The preliminary amendment filed 12/04/01 has been entered. 



Election/Restrictions 



Restriction to one of the following inventions is required under 35 U.S.C. 121: 

I. Claims 1-43, drawn to method of identifying a compound interacting with a G 



protein-coupled receptor, classified in class 435, subclass 7.2. 
II. Claims 46-47, drawn to method of producing a pharmaceutical preparation, 

classification dependent on compound structure, for example, classified in class 
514, subclass 2. 

The inventions are distinct, each from the other because of the following reasons: 

Inventions I and II are related as in that both use the method of identifying a GPCR 
interacting compound, but because II requires a compound instead of simply an assay, the 
inventions are distinct. The invention of Group I does not require the particulars of the Group II 
as claimed for patentability, and the method of making the pharmaceutical preparation could 
have utility by itself as an effector of a GPCR. 

Because these inventions are distinct for the reasons given above, have acquired a 
separate status in the art as shown by their different classification and each invention requires a 
separate non-coextensive search, restriction for examination purposes as indicated is proper. 

During a telephone conversation with Dr. Reza Green on February 17, 2004, a 
provisional election was made with traverse to prosecute the invention of Group I, claims 1-43. 
Affirmation of this election must be made by applicant in replying to this Office action. Claims 
46-47 are withdrawn firom further consideration by the examiner, 37 CFR 1.142(b), as being 
drawn to a non-elected invention. 

Applicant is reminded that upon the cancellation of claims to a non-elected invention, the 
inventorship must be amended in compliance with 37 CFR 1 .48(b) if one or more of the 
currently named inventors is no longer an inventor of at least one claim remaining in the 
application. Any amendment of inventorship must be accompanied by a request under 37 CFR 
1 .48(b) and by the fee required under 37 CFR 1 . 17(i). Q^C^^"^^^ 





Application/Control Number: 10/003,846 Page 3 

Art Unit: 1646 

Specification 

The disclosure is objected to because of the following informalities: on page 22, line 7, 
"GPCR/BHK cells?/". RECEIVED 
Appropriate correction is required. 

MAR 04 2004 

Claim Objections TECH CENTER 1600/2900 

Claim 4 is objected to because of the following informalities: a hyphen is present in 
"phosphorylation-independent" in line 4, but does not occur elsewhere in claims {e.g.^ claim 13 
or 25). Appropriate correction is required. 



Claim Rejections - 35 USC § 102 

The following is a quotation of the appropriate paragraphs of 35 U.S.C. 102 that form the 
basis for the rejections under this section made in this Office action: 

A person shall be entitled to a patent unless - 

(b) the invention was patented or described in a printed publication in this or a foreign country or in public use or on 
sale in this country, more than one year prior to the date of application for patent in the United States. 

Claims 1-3, 9, 10-12, 18, 22-24, 3 1-33 and 39 are rejected under 35 U.S.C. 102(b) as 
being anticipated by US Patent 5,891,646 (cited by AppUcants). 

US Patent 5,891,646 (Barak et al., '646) teaches a method of identifying compounds 
capable of initiating signaling of or deactivating a GPCR (p2adrenergic receptor) by contacting 
HEK cell membranes comprising the GPCR with parrestin2-GFP, visually separating GPCR- 
bound and -unbound arrestin, and determining the level of GPCR-bound arrestin. The test 
compound, isoproterenol, acted as an agonist, mediating an increase in the bound compared to 
unbound arrestin as was seen by enhanced membrane arrestin fluorescence with concomitant loss 
of cytosohc fluorescence, such that the arrestin distribution shifted to the membrane. Agonist 
exposure caused an increase of ten-fold compared to control (distribution prior to agonist 
exposure) (col. 19. lines 48-63). The same experiment was conducted with the GPCR antagonist 
propanol (e.g., col. 20, lines 19-30) with the opposite results, i.e., more unbound than bound was 
seen. '646 is silent with respect to kinase presence; however, because wildtype arrestin will not 
bind unphosphorylated GPCR (e.g., col 1, lines 40-42) and phosphorylation requires a kinase, 
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the kinase was necessarily present in the cell. Also taught is the method with addition of GRK 
kinase (col. 9, lines 38-42 and Fig. 5). The same method was conducted with an added carrier, 
mouse monoclonal antibody directed against an 12CA5(HA) tag of the P2adrenergic receptor, 
which bound the cell membrane indirectly through binding of the membrane-associated 
translocated GPCR (col 20, lines 50-62). 

Note that because the claims are drawn to a method "comprising" and because the cell 
membrane of part (a) of the instant claims is not necessarily isolated, the instant invention reads 
on using whole cells. 

Claims 1-19, 22-40 and 43 are rejected under 35 U.S. C. 102(b) as being anticipated by 
Kovoor et al (J. Biol. Chem., 274(1 1):683 1, 1999, cited by Applicants). 

Kovoor et al. teach a method of identifying a compound capable of initiating signaling of 
or deactivating a GPCR by contacting membranes (liposomes) containing P2adrenergic receptor 
(pAR) phosphorylated by a GRK (also known as PARK) with wildtype arrestin or R169E or 1- 
382 arrestin mutants. The arrestin was labeled with tritium, and that which bound a Sepharose 
column and to receptor-containing membranes was separated and quantified by liquid 
scintillation (legend of Fig. 1). The compound tested was isoproterenol. 

Note that the method is the same for identifying an agonist or antagonist, and 
determination of whether the test compound is an agonist or antagonist by looking at levels is a 

mental step. RECEIViD 

Claim Rejections - 35 USC §103 
The following is a quotation of 35 U.S.C. 103(a) which forms the basis for al^*^^® '^^''J'^l?? 
obviousness rejections set forth in this Office action: 

(a) A patent may not be obtained though the invention is not identically disclosed or described as set forth in 
section 102 of this title, if the differences between the subject matter sought to be patented and the prior art are 
such that the subject matter as a whole would have been obvious at the time the invention was made to a person 
having ordinary skill in the art to which said subject matter pertains. Patentability shall not be negatived by the 
manner in which the invention was made. 

This application currently names joint inventors. In considering patentability of the 
claims under 35 U.S.C. 103 (a), the examiner presumes that the subject matter of the various 
claims was commonly owned at the time any inventions covered therein were made absent any 
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evidence to the contrary. Applicant is advised of the obligation under 37 CFR 1 .56 to point out 
the inventor and invention dates of each claim that was not commonly owned at the time a later 
invention was made in order for the examiner to consider the applicability of 35 U.S.C. 103(c) 
and potential 35 U.S.C. 102(e), (f) or (g) prior art under 35 U.S.C. 103(a). 

Claims 2, 4-8, 11, 13-17, 23, 25-29, 32 and 34-38 are rejected under 35 U.S.C. 103(a) as 
being unpatentable over US Patent 5,891,646 and further in view of Kovoor et al. (J. Biol. 
Chem., 274(1 1):6831, 1999) and Palczewski (Eur. J. Biochem., 248:261-269, 1997). 

US Patent 5,891,646 is reUed upon for the teaches above. US Patent 5,1891,646 does not 
teach a phosphorylation-independent arrestin mutant or, specifically, GRK. 

Kovoor et al. teach two phosphorylation independent parrestin mutants: one which is 
R169E and another with position 383 being a stop codon so that it comprises 1-382. These 
arrestins are constitutively active and in vitro bind the agonist activated Piadrenergic receptor 
regardless of its phosphorylation status. They also bind 6 opiod receptor. Also taught is the 
model for signaling by diverse GPCRs (p. 683 1, beginning last sentence of col. 1). "According 
to the model, activated receptor is first phosphorylated by a G protein-coupled receptor kinase 
(GRK). An arrestin protein binds to the activated phosphoreceptor, thereby blocking G protein 
interaction. . . ," forming an "arrestin-receptor complex". The discussion of effector molecules 
(col. 2, beginning middle of first paragraph) says there are only six mammalian GRKs and four 
arrestins that have been found so far. "This suggests that at least some of the kinases and 
arrestins regulate numerous receptors. Thus, these proteins are attractive targets for research 
designed to delineate common molecular mechanisms underlying the regulation of GPCR 
signaUng in cells (and to create fairly universal tools for the experimental and/or therapeutic 
intervention in the process)." 

It would have been obvious at the time the invention was made to practice the assay of 
'646 with a phosphorylation-independent arrestin mutant taught by Kovoor et al. to avoid the 
need of a kinase and because Kovoor teaches that . these proteins [/>., arrestins] are attractive 
targets for research designed to delineate common molecular mechanisms underlying the 
regulation of GPCR signaling in cells. ..." Further, even if '646 did not use a GRK, one would 
have been motivated to use a GRK because Kovoor et al. teach that GRKs are responsible for 
phosphorylating GPCRs so that arrestins can bind. 



r3 
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Claims 19-21 and 40-43 are rejected under 35 U.S.C. 103(a) as being unpatentable over 
Kovoor et al. (J. Biol. Chem., 274(1 1):683 1, 1999) and US Patent 5,670,360 (Thorens). 

Kovoor et al. teach a method of identifying a compound capable of initiating signaling of 
or deactivating a GPCR by contacting membranes (liposomes) containing P2adrenergic receptor 
(P2AR) phosphorylated by a GRK (also Icnown as pARK) with wildtype arrestin or R169E or 1- 
382 arrestin mutants. The arrestin was labeled with tritium, and the arrestin which bound to a 
Sepharose column and to receptor-containing membranes was separated and quantified by liquid 
scintillation (legend of Fig. 1). The compound tested was isoproterenol. Also taught is 
recombinant expression of P2AR and opiod receptor GPCRs mXenopus oocytes (p. 6832, col. 1, 
beginning of first paragraph). Kovoor does not teach using SPA (scintillation proximity assay) 
beads or WGA (wheatgerm agglutinin). 

US Patent 5,670,360 ('360) teaches an assay to identify a compound capable of activating 
or deactivating the GPRC GLP-1 receptor by means of a high throughput screening assay using 
SPA (scintillation proximity assay) beads coated with WGA (wheatgerm agglutinin). The WGA 
allowed GPLl- receptor bearing membranes to be immobilized on SPA beads. The membranes 
were prepared by recombinant cloning of the receptor into the CHL cell line (col. 1 1, Unes 5 
through col. 12, line 28). 

It would have been obvious at the time the invention was made to practice the method of 
Kovoor by substituting SPA beads coated with WGA for the sepharose column to conduct the 
liquid scintillation assay since the SPA/WGA beads were commercially available and convenient 
to use in an old and routine assay method (e.g., col. 5, lines 40-47). It further would have been 
obvious to transform a cell line with the a GPCR cDNA of Kovoor et al. as a source of GPCR- 
containing membranes in the assay instead of liposome membranes in order to better understand 
the association of GPCR with endogenous membrane-associated molecules and to a virtually 
endless supply of membranes from routinely cultured cells. 

RECEIVED 

MAR 04 2004 

T6CHCEMTER1600/2900 
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Prior Art 



The prior art made of record and not relied upon is considered pertinent to applicant's 
disclosure. Krupnic et al. (Annu. Rev. Pharmacol. Toxicol., 38 :289,1998) describes the 
relationship of GPCRs, arrestins and kinases. Also hsted are common G protein-coupled 
receptor kinase names, for example PARK (Table 1 on p. 293). Palczewski (Eur. J. Biochem., 
248:261-269, 1997) describes the relationship of GPCRs to GRKs. Mundell et al.(Biochem., 
38:8723-8732, 10 June 1999) describe transfection of HEK293-EBNA cells with one of several 
GPCRs: P2AR, m2 and m3 muscarinic acetylchohne receptors (p. 8725, last two fiiU paragraphs 
of col. 1). 



Any inquiry concerning this communication or earlier communications from the 
examiner should be directed to Claire M. Kaufman, whose telephone number is (571)272-0873. 
Dr. Kaufman can generally be reached Monday, Tuesday and Thursday from 8:30AM to 
2:30PM. 

If attempts to reach the examiner by telephone are unsuccessful, the examiner's 
supervisor, Yvonne Eyler, can be reached at (57 1 )272-087 1 . 

Any inquiry of a general nature or relating to the status of this application should be 
directed to the Group 1600 receptionist whose telephone number is (703) 308-0196. 

Claire M. Kaufman, Ph.D. 



Conclusion 




Patent Examiner, Art Unit 1646 
February 17, 2004 
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Characterization of G Protein-Coupled Receptor Regulation in Antisense 
mRNA-Expressing Cells with Reduced Arrestin Levels^ 

Stuart J. Mundell, Robert P. Loudon,* and Jeffrey L. Benovic* 

Department of Microbiology and Immunology, Kimmel Cancer Center, Thomas Jefferson University, 

Philadelphia, Pennsylvania 19107 

Received Febntaty 15, 1999; Revised Manuscript Received May 20, 1999 



/vbstract: Previous studies with overexprcssing wild-type or dominant negative nonvisual arrestins have 
established a role for these proteins in /?2-adrenergic receptor (yJiAR) internalization, desensitization, and 
resensitization. To validate and extend such findings, we employed an antisense strategy to target the 
nonvisual arrestins, arrestin-2 and an*estin-3, and deteniiined the associated effects on the regulation of G 
protein-coupled receptor (GPCR) signaling. HEK293 cells stably expressmg antisense constructs targeting 
arrestin-2 exliibited a selective reduction (-^50%) in arrestin-2 levels, while an*estin-3 antisense constructs 
resulted in reductions (>50%) in both arrestin-2 and arrcstin-3 levels. Initial analysis of these cells 
demonstrated that a reduced level of arrestin expression resulted in a significant decrease in tlie extent of 
agonist-induced internalization of exogenously expressed /JiARs, but had no effect on internalization of 
either ni2 or m3 muscarinic acetylcholine receptors. Additional characterization involved assessing the 
role of anestias in the regulation of endogenous GPCRs in these cells. Reduced airestin levels significantly 
decreased the rate of endogenous /?2AR intemalization, desensitization, and resensitization. Further analysis 
demonstrated that tlie desensitization of endogenous A2b adenosine and prostaglandin Es-stimulated receptors 
was also attenuated in cells with reduced arrestin levels. The effects on tlie /?2-adrenergic, Aab adenosine, 
and PGE2-stimuIated receptors were similar among cell lines that exhibited either a selective reduction in 
aiTestin-2 levels or a reduction in botli arrestin-2 and -3 levels. These findings establish the utility of 
antisense approaches in the examination of arrestin-mediated GPCR regulation. 



Prolonged exposure of G protein-coupled receptors 
(GPCRs)' to agonist often results in a rapid decrease of 
receptor responsiveness, a process termed desensitization (7). 
Mechanisms mediating GPCR desensitization include ago- 
nist-dependent phosphorylation by G protein-coupled recep- 
tor kinases (GRKs), which in turn promotes high-affinity 
binding of arrestins (/ ). Arrestin binding sterically inhibits 
G protein interaction with the agonist- activated GPCR (2, 

There are currently four cloned arrestin family members. 
Arrestin- 1 or visual arrestin is expressed predominantly in 
rod cells and acts by preventing light-activated phosphory- 
lated rhodopsin from interacting with transducin (4). Arres- 
tin-4 (X-arrestin or arrestin-C) is specifically expressed in 
cone cells, suggesting a role in regulating cone phototrans- 
duction (5, 6). The ubiquitously expressed arrestin-2 (/J- 
airestin-l) (7) and arrestin-3 (y?-arrestin-2) (8, 9) likely 

^ This work was supported in pait by National Institutes of Health 
Grant GM4741 7 and an Established Invesiigatorship from the American 
Heart Association. 

* To whom correspondence should be addressed: Thomas Jefferson 
University, 233 S. lOth St., Philadelphia, PA 19107. Telephone: (215) 
503-4607. Fax: (215) 923-1098. E-mail: benovic@lac.jci.tju.edu. 

* Present address: Fox Chase Cancer Center, 7701 Barholme Ave., 
Philadelphia, PA 19111. 

' Abbreviations: niAchR, muscariiiic acetylcholine rcccptot-; fijAK, 
^2-adrenergic receptor; BSA> bovine serum albumin; GPCR» G protein- 
coupled receptor; CRK, G protein -coupled receptor kinase: HEK293 
cells, human embryonic kidney ceHs: Iso, (— )-isoprotercnol; PBS, 
phospliate-buffcred saline. 



regulate the interaction of a wide variety of GPCRs with 
their corresponding G proteins. Indeed, overexpression 
studies have demonstrated a role for nonvisual arrestins in 
the desensitization of several GPCRs, including the l^i- 
adrenergic (70), /3i -adrenergic (77), and aiB-adrenergic (72) 
receptoi*s. 

An additional facet of GPCR regulation involves inter- 
nalization of the receptor following agonist exposure (75). 
Intemalization may play divergent roles for different GPCRs. 
For example, while internalization plays a key role in the 
resensitization of the /^2-adrenergic receptor (JhAK) (14— 
16), it appears to prolong desensitization of the m4 musca- 
rinic acetylchoUne receptor (m4AchR) (77). Inhibition of 
internalization has also been shown to differentially affect 
the desensitization and resensitization of Aja adenosine and 
secretin receptor responsiveness while having no affect on 
IP-prostanoid responses {hS). Recent studies have shown that 
aiTestin-2 and arrestin-3 can facilitate intemalization of the 
P2AR (19, 20) and other GPCRs (75). Indeed, tlie extent of 
agonist-mediated intemalization of the /?2AR in several 
different cell lines correlates witli the endogenous GRK and 
airestin levels (21), Mechanistic insight into tliis process has 
revealed that nonvisual arrestins can bind to botli receptors 
and clathrin and thus can function as adaptor proteins to 
mediate GPCR uptake into clatlirin-coated pits (20, 22), 

Studies to date have employed overexpression of either 
wild-type (7 P, 20) or dominant negative (19, 23, 24) airestins 
to elucidate many of the functions of these proteins. For 
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example, arrestin-2 and arrestin-3 dominant negative mutants 
that bind well to clathrin but lack GPCR binding activity 
effectively inhibit agonist-induced internalization of the 
AR in HEK293 cells (2J. 24). While these studies have 
provided important insight into arrestin function, one of the 
inherent drawbacks with this approach is the potential for 
nonspecific effects associated with protein overexpression 
in a cell. An alternative and perhaps preferable approach is 
the use of antisense oligodeoxynucleotide strategies to target 
specific mRNAs and reduce protein expression, Antisense 
approaches have been successfully used to selectively 
decrease a number of cellular signaling proteins, including 
GPCRs (25\ G proteins {26), and GRKs (27). However, an 
effective arrestin antisense construct has not been reported. 

In the study presented here, we systematically character- 
ized tlie effectiveness of various arrestin-2 and arrestin-3 
antisense constructs. Two candidate antisense constmcts that 
reduced tlie extent of arrestin overexpression in a transient 
expression system were then stably tiansfected into HEK293 
cells, where their abihty to reduce endogenoiLs arrestin levels 
and effect GPCR regulation was investigated. 

EXPERIMENTAL PROCEDURES 

Materials. Human embryonic kidney cells transformed 
with the EBNA vector (HEK293-EBNA) were purchased 
from Invitrogen. Tissue cultuie media and fetal bovine serum 
were obtained from Life Technologies, Inc. Fugene-6 trans- 
fee tion agent, hygromycin, and Geneticin were from Boe- 
hi'inger Mannheim. Anti-mouse immunoglobulin conjugated 
with alkaline phosphatase and goat anti-mouse and anti-rabbit 
immunoglobuhn conjugated with horseradish peroxidase 
were purchased from Bio-Rad. ['^^IJPindolol, ^^-I-labeled 
cyclic AMP, ['Hj-iV-methylscopolamine (NMS), and ^H- 
labeled cyclic AMP were puichased from NEN Life Science 
products. Ail other reagents were from Sigma. 

Generation of Antiaense Expression Constructs. Full-length 
and tnmcated airestin antisense constructs for transient 
transfection were generated by PCR amplification followed 
by subcloning into pcDNA3. A full-length human arrestin-3 
antisense construct was amplified using sense (5' CAA TGG 
ATC CAT GGG GGA GAA ACC CGG GAC GAG G 3') 
and antisense (5' CAA TGG ATC CTC AGC AGA GTT 
GAT CAT CAT AGT CGT CAT C 3') primers that 
contained Ban^ restriction sites at the 5' end. The resulting 
product was digested with Bam\{i, subcloned into 5owHI- 
digested and phosphatase-treated pcDNA3, and then assessed 
for orientation. Truncated arrestin-3 antisense constructs were 
generated using the arrestin-3 sense primer and antisense 
primers that contained a //mdlll site at the 5' end: base pairs 
1-801 (5' CAA TAA GCT TGG AGC TGG GAG ATA 
CCT GGT C 3'), 1-402 (5' CAA TAA GCT TTG GGC 
CTG GCT GCA GTG TG A C 30, and 1-102 (5' CAA TAA 
GCT TTT TGT CCA GGT GAT CTA CGA A 3')- To 
generate arrestin-2 antisense constructs, a human arrestin-2 
cDNA was first digested with HinW\ and subcloned into 
pcDNA3. Untranslated sequences were removed by PCR 
using sense (5' CAA TTC TAG AAT GGG CGA CAA AGG 
GAC G 3') and antisense (5' CAA TCT CGA GCT ATC 
TGT CGT TGA GCC GCG G 3') primers that contained 
Xbdl and Xho\ sites adjacent to the start and stop codons, 



respectively. Truncated arrestui-2 constnicts were generated 
using the arrestin-2 sense primer and one of the following 
antisense primers: base pairs 1-801 (5' CAA TCT CGA 
GCG TCG AGC TGG GTG CCA CAG T 3', Xhol site at 
the 5' end), 1-483 (5' CCA CAG AAT TCC GCT TGT 
GGA TCT TCT CCT C 3', £coRI site at the 5' end), and 
1-134 (5' CAA TGG ATC CAC CAG GAC CAC ACC 
ATC CAC A 3', BawRl site at the 5' end). 

Antisense constructs for stable expression were created 
in the mammalian expression vector pREP4. The pREP4— 
arrestin-3 antisense construct was made by excismg the ^^0.8 
kb //£>?dIlI-5a/«HI insert from pcDNA3 -arrestin-3 (base 
pairs 1-801) and subcloning into //mdlll-^amHI-digested 
pREP4. Similarly, the 0.8 kb insert from pcDNA3 -arrestin-2 
(base pairs 1-801) was excised witli J:7/d 'dXiAXhal, blunted 
with Klenow, and tlien subcloned into Pz/wIlHiigested pREP4. 

Cell Culture and Transfection. HEK293 and COS- 1 cells 
were maintained in Dulbecco's modified Eagle's medium 
supplemented with 10% fetal bovine serum, 100 units/mL 
penicillin G, and 100 /^g/mL streptomycin sulfate (complete 
medium) at 37 '^C in a humidified atmosphere of 95% air 
and 5% CO2. HEK293-EBNA cells were always maintained 
in the presence of Geneticin (200 //g/mL) to maintain EBNA 
vector expression. 

For transient transfections, cells were grown in 1 00 mm 
dishes to 80— 90%( confluency and transfected with 1 — 10 
pig of DNA usmg Fugene-6 following the manufacturer's 
instructions. Briefly, HEK293 cells were incubated with a 
DNA/Fugene mixture for 24 h; the medium was then 
replaced, and the cells were analyzed 48 h after transfection. 
In experiments with COS-1 cells, the cells were transfected 
with 3 /ig of total DNA using Lipofectamine following the 
manufacturer * s insti'ucti on s . 

For stable transfections, 4ug of DNA was used to transfect 
HEK293-EBNA cells. Three days after transfection, cells 
were diluted and replated in complete medium supplemented 
with 400 «g/mL hygromycin and 200/ig/mL Geneticin. The 
medium was subsequently replaced ever>' 3 days, and 
surviving colonies were expanded into individual clonal lines. 

Western Blot Analysis. Cells were lysed by addition of 
200-500 ixh of ice-cold lysis buffer [20 mM HEPES (pH 
7.4), 200 mM NaCI, 10 mM EDTA, 1% Triton X-100, 0.2 
mg/mL benzamidine, 0.1 mg/mL leupeptin, and 0.5 mM 
phenyhnethanesulfonyl fluoride] to cell monolayers. In- 
soluble material was pelleted by centrifugation in a micro- 
centrifuge at 13 000 rpm for 3 min at 4 *^C, and the resulting 
supernatant was aliquoted, snap-frozen in liquid nitrogen, 
and stored at —70 ^C. Supernatants (40 ^wg of total protein) 
were electt'ophoresed on a 10% SDS— poly aery lamide gel 
according to the method of Laemmli {28). Protein was then 
transferred to nitiocellulose and incubated with either aires- 
tin-2 or arrestin-3 selective rabbit polyclonal antibodies made 
against GST fusion proteins containing either the C-terminal 
62 amino acids of bovine arrestin-2 (residues 357—418) or 
60 amino acids of bovine arrestin-3 (residues 350—409). 
Blots were then incubated with a goat anti-rabbit immuno- 
globidin conjugated with horseradish peroxidase and visual- 
ized by ECL detection according to the manufacturer's 
instructions. 

li:AR Binding and Ligand Competition Assays. To deter- 
mine the /iiAR density in control and tiansfected cells, whole 
cells were harvested in ice*cold phosphate-buffered saline 
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(PBS). Two hundred micrograms of cell protein was then 
incubated in PBS containing 0.3 nM ['^^IJiodopindolol with 
or without 1 jiiM (-)-alprenolol (to estimate total receptor 
number) or 100 nM CGP-12177 (to estimate surface receptor 
number) for 3 h at 14 ""C. All binding reactions were 
terminated by the addition of 5 x 4 mL of ice-cold 25 mM 
Tris (pH 7.5) and 2 mM MgCh followed by rapid filtration 
through Whatman GF/C filters using a Brandel cell harvester. 
Protein concentrations were determined using a Bio-Rad 
protein assay with bovine senuii albumin (BSA) as a 
standard. 

InternaUzation Assays in Ceils Overexpressing Flag- 
Tagged The extent of ^oAR internalization was 
measured by ELISA as described by Daunt et al. (29). 
Briefly, cells plated at a density of 6 x 10^ cells per 60 mm 
dish were transfected with 5 /eg of pcDNA3-Flag-)32AR, and 
then split after 24 h of transfection into 24-well tissue culture 
dishes coated with 0.1 mg/mL poly-L-lysine. Twenty -four 
hours later, cells were incubated with DMEM containing 300 
piM ascorbic acid [with or without 0.001 — 10 jiiM (— )- 
isoproterenol (Iso)] for 0—60 min at 37 "C. Reactions were 
stopped by removing the medium and fixing the cells with 
3.7% formaldehyde in TBS [20 mM Tris (pH 7.5), 150 mM 
NaCl and 20 mM CaCb] for 5 min at room temperature. 
Cells were washed three times with TBS, incubated for 45 
min with TBS containing 1% BSA, and then incubated with 
a primary antibody (anti-Flag monoclonal ML 1:1000 
dilution m TBS/BSA) for 1 h at room temperature. Cells 
were washed three times with TBS, reblocked with TBS/ 
BSA for 15 min at room temperature, and then incubated 
with secondary antibody (goat anti-mouse conjugated with 
alkaline phosphatase, 1:1000 dilution in TBS/BSA) for 1 h 
at room temperature. Cells were washed three times with 
TBS, and a colorimetric alkaline phosphatase substrate was 
added. When adequate color change was achieved, 100 fiL 
of sample was added to 100 jaL of 0.4 M NaOH to terminate 
the reaction, and the samples were read at 405 nm using a 
niicroplate reader. 

Internalization of Endogenous /hARs, Cells on 100 mm 
dishes (80—90% confluency) were incubated with medium 
containing 300 /«M ascorbic acid with or witliout 0.0 1 — 10 
/yM Iso at 37 ^'C for 0-60 min. Cells were then washed 
three times in ice-cold PBS and sujface receptor levels 
determined in whole cells by ligand binding with [^'^^l]- 
iodopindolol with or without 100 nM CGP-12177 at 14 ''C 
as described above. 

Internalization ofm2 and mS Muscarinic Acetylcholine 
Receptors. Cells were transiently transfected as described 
above with 10 //g of pcDNA3 containing either the m2- or 
m3AchR. One day post-transfection, cells from 100 mm 
plates were passaged onto 60 mm plates for use the following 
day. Cells were incubated in the presence or absence of 1 
mM carbachol for 0—60 min and then washed with 3x10 
mL of ice-cold PBS at 4 ^C. Two hundred microgi-ams of 
cell protein was then incubated with 2 nM ["^HJNMS with 
or without 10 /iM atropine for 3 h at 4 '^C to assess cell 
surface mAchR density. Binding reactions were terminated 
by the addition of 5 x 4 mL of ice-cold 25 mM Tris (pH 
7.5) and 2 mM MgCL followed by rapid filtration through 
Whatman GF/C filters using a Brandel cell harvester. 

Adenylyl Cyclase Assays. Vehicle or agonist was added 
directly to the culture medium for vaiying times. Cells were 
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FIGURE: 1: Coexpression of different length arrestin antisense 
inRNAs witli wild-type an-estin-2 or arrestin-3 in COS-l cells. Cells 
were transiently transfected witli (A) 1 of pcDNA3- arrest in-2 
and either 2 jug of GRK2 (495-689) (control) or 2 fig of different 
length arrestin-2 antisense constructs in pcDNA3 or (B) 1 //g of 
pcDN A3~anestin-3 and either 2 /xg of GRK2 (495-689) (control) 
or 2 fig of different lengtli arrestin- 3 antisense constructs in 
pcDNA3. Whole cell lysates were subjected to SDS-polyacryl- 
amide gel electrophoresis followed by clectrophoretic transfer and 
immunoblotting with rabbit polyclonal antibodies selective for 
arrestin-2 (A) or arrestin-3 (B). Detection of protein expression was 
pcrfomied by enhanced chemihimincscencc (ECL, Amersham). 

harvested by scraping into 10 mL of ice-cold PBS and 
pelleted by centrifngation at 200^ for 1 min. The pellet was 
washed twice in 10 mL of ice-cold PBS and frozen at —70 
°C, Adenylyl cyclase activity was measured in cell homo- 
genates using a protein binding assay as previously described 
(30), Standard curve data were fitted to a logistic expression 
(GraphPad Software, San Diego, CA), and adenylyl cyclase 
activity was expressed as picomoles of cyclic AMP produced 
per minute per milligram of total protein (picomoles of 
cAMP per minute per milligram). 

Whole-Cell cAMP Accumidation. Cells grown to ~90% 
confluency on 12-well plates were washed with PBS and 
stimulated at 37 with 250 /^L of PBS containing 300 /iM 
ascorbic acid, 1 mM isobutylmethylxanthine, and either 
vehicle (basal), 10 fiM Iso, or 100 jmM forskolin. Reactions 
were stopped after 0—45 min by placing tlie plates on ice, 
aspirating the medium, and adding 500 //L of ice-cold 
ethanoL The contents of each well were collected, lyophi- 
lized, resuspended, and assayed for cAMP content by 
radioimmunoassay using ['^-l]cAMP and anti-cAMP anti- 
body as described previously {31). 

Experimental Design and Statistics, Concentration— effect 
cur\'es were analyzed by the iterative fitting program 
GraphPad Prism (GraphPad Software). Log concentration- 
effect curves were fitted to logistic expressions for single- 
site analysis. /0.5 values for agonist-induced desensitization 
were obtained by fitting data to a single-exponential curve. 
Where appropriate, statistical significance was assessed by 
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FiGURH 2: Analysis of aires tin levels in arrestin antisense inRJSiA 
expressing IiEK293 cells. Whole cell lysates (7.5 ~30 ^g) were 
subjected lo SDS~polyacrylamide gel electrophoresis followed by 
elcctrophorctic transfer and iniinunob lotting with rabbit polyclonal 
antibodies selective for arrestin-2 or arrestin-3. Six antisense 
niRNA-expressing cell lines (AS 37, 5L 52, 71, 84, and 108) (30 
of protein) were compared with vector-transfccted liEK293- 
EBNA cells (30, 15, and 7.5 //g of protein). 

a Student's t test or by a two-way ANOVA lusing GraphPad 
Prism. 

RESULTS 

To test the effectiveness of different length arrestin-2 and 
arrestin-3 antisense constructs, COS-1 cells were cotrans- 
fected with wild-type arfestin-2 or -3 and one of eight 
different antisense constructs (panels A and B of Figure 1). 
These studies revealed that only the longer arrestin-2 and 
arrestin-3 antisense constructs (base pairs I~801 to fiill 
lengtli) caused a significant reduction in tlie level of airestin 
expression. 

Our initial attempts to express full-length antisense 
constructs stably integrated into the genome of HEK293 cells 
resulted in no reduction in endogenous arrestin levels (data 
not shown). To circumvent potential problems suggested by 
these results, we decided to express the antisense constructs 
in HEK293 cells that express the EBNA vector. The use of 
this vector helps to maintain plasmids such as pREP4 
episomally and inhibits integration of the constnict into the 
host cell genome. It was also decided that because use of 
the full-length antisense constioict had proven to be unsuc- 
cessful, the shorter but still effective ~800 bp constructs 
would be utilized. 

HEK293-EBNA cells were transfected with pREP4 vector 
alone, pREP4 vector containing the 801 bp arrestin-2 or 
arrestin-3 antisense constructs, or a combination of both 
antisense-containing constructs. After culture in medium 
containing hygromycin, surviving clones were isolated and 
expanded into clonal cell lines. Six clones that exhibited 
reductions in the arrestin-2 and/or aiTestin-3 level were 
selected for further study. Of these, four had been transfected 
with pREP4 containing the arrestm-2 antisense construct (AS 
37, 51, 52, and 71), one with pREP4 containing tlie arrestin-3 
antisense construct (AS 84), and one that had been trans- 
fected with both antisense-containing constructs (AS 108) 
(Figure 2). The arrestin-2 antisense construct appeared to 
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Figure 3: Effect of reduced arrestin levels on agonist-induced fiz- 
AR internalization. Wild-type, AS 37, AS 52, and AS 108 cell lines 
were transiently transfected with 5 //g of pcDNA3-Flag-/?2AR 
alone (A) or together with 5 fig of pcDN A3— arrestin-3 (-harr3) 
(B) and harvested ~48 h after transfection. Cells were incubated 
with O-IO (-)-isoproterenol at 37 X for 20 inin. washed, 
and then analyzed for cell surface ^iARs by ELISA as described 
in Experimental Procedures. AR expression levels were ~5 pniol/ 
mg in all experiraents. The data represent means ± the suindard 
eiTor of four independent experiments. 

selectively reduce only arrestin-2 levels, while the arrestin-3 
construct reduced both arrestin-2 and -3 levels. Of the cell 
lines stably transfected with the aiTestin-2 construct, all four 
exhibited a similar reduction (-^50%) in arrestin-2 levels 
(Figure 2). By comparison, AS 84 and 108 exhibited an 
-^50% decrease in arrestin-2 and an ^15% decrease in 
aiTestin-3 levels (Figure 2). Cells transfected with vector 
alone exhibited no change in endogenous arrestin levels 
compared to wild-type HEK293 cells, while endogenous 
GRK2 levels were not different among any of the clonal 
lines (data not shown). 

To assess the biological effect of reduced arrestin levels, 
agonist- and time-dependent internalization of a transiently 
expressed Flag-tagged fijAR was initially investigated by 
ELISA analysis hi each of the cell lines. In vector-transfected 
HEK293 cells, a dose-dependent loss of cell surface fizARs 
was obsei-ved following a 20 min incubation with Iso (Figure 
3A). This loss of cell surface ftARs was not affected by 
overexpression of arrestin-3, confimiing tliat arrestin-3 levels 
are not limiting in these cells (data not shown). Conversely, 
in clonal lines expressing various antisense constructs, 
agonist-induced internalization of the jSzAR was almost 
completely abolished (Figure 3A). These results were 
confirmed by ligand binding analysis of cell surface /:^2ARs 
following a 30 min pretreatment with 10 fiM Iso (loss of 
cell surface receptors was 33.7 ± 1.8, 7.3 ± 3.7, and 7.0 ± 
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Figure 4: Effect of reduced arrestin levels on agonist- induced m2- 
and m3AchR intcnialization. HEK293 ceils (AS 37, AS 108, and 
vector-transfected conlrol), iransiently uansfected with 5 jug of (A) 
pcDNAS-mlAchR or (B) pcDNA3~ni3AchR, were harvested 
^^48 h after transfection. Cells were incubated with 1 niM carbachol 
at 37 for 0-60 min, washed extensively, resuspeiided, and then 
analyzed for cell surface m2- and m3AchRs as described in 
Experimental Procedui'es. m2AchR expression levels were ~1 
pniol/ing in vector-transfccted and antisense cells, while ni3AchR 
levels were ^0.5 pmol/mg. Data represent means ± the standard 
error of five independent experimenls. 

5.1% for vector-transfected, AS 37, and AS 108 cells, 
respectively; n == 3). Evidence that this effect was mediated 
by the selective reduction in cellular arrestin levels was 
provided by cell lines transiently overexpressing arrestin-3 
(> 10-fold increase in aiTestin-3 levels compared to that in 
wild-type HEK293 cells) in which the attenuation of agonist- 
induced receptor internalization was reversed (Figure 3B), 
Similar results were obtained with AS 51, 71, and 84 cell 
lines (data not shown). Time course analysis of receptor 
internalization revealed that none of the lines with reduced 
arrestin levels demonstrated a significant level of fijAR 
internalization throughout a 45 min exposure to 10 /<M Iso, 
while significant intemalization was observed in control cells 
(data not shown). 

To demonstrate the selectivity of the arrestin antisense 
effects, ni2- and m3AchRs were transiently overexpressed 
in antisense and control cells. Both of these receptors have 
been reported to be internalized by a non-arrestin-dependent 
mechanism (32, 33). Agonist-induced m2- and mSAchR 
internalization as assessed by changes in pH]NMS binding 
was unaltered in antisense-expressing and control cells 
(paiiels A and B of Figure 4). These results confirm that the 



intemalization of the m2- and m3AchRs is arrestin- 
independent in HEK293 cells. 

We next examined the effects of reduced arrestin levels 
on endogenous /32ARs in HEK293 cells. These studies 
utilized the AS 37 and 108 clonal lines, which exhibited 
reductions in the level of only arrestin-2 or in both arrestin-2 
and -3, respectively. The ^iAR density was initially assessed 
in whole cells using the cell permeable ligand ['-''Ijiodo- 
pindolol. Displacement analysis in which the cell imperme- 
able ligand CGP-12177 and cell permeable ligand alprenolol 
were utilized was used to assess smface and total /i2AR 
density, respectively. Surface receptor levels were not 
different among the various lines (6.3 db 1.2, 6.4 i 1.1, and 
6.8 ± LO fmol of receptor/mg of protein for vector- 
transfected, AS 37, and AS 108 cells, respectively; « = 4). 
However, the total receptor density did appear to be 
somewhat higher in the antisense cell lines (8.2 ± LI , 1 1.8 
± 1.9, and M.9 =b 1.5 fmol of receptor/mg of protein for 
vector-transfected, AS 37, and AS 108 cells, respectively; n 
= 4). Such results may suggest a role for arrestins in GPCR 
tiafficking to the cell surface. However, since arrestins 
generally function by binding to agonist-occupied, GRK- 
phosphorylated GPCRs, we would not expect changes in 
cellular arrestin levels to directly affect constitutive inter- 
nalization of the /?2AR. Indeed, previous studies have 
demonstrated that even high-level overexpression of arrestins 
does not affect basal fiiAR function (10). 

Experiments were subsequently performed to identify 
potential differences in agonist-induced /^2AR intemalization 
among the clonal lines. Both AS 37 and AS 108 exhibited 
greatly reduced levels of agonist-dependent receptor inter- 
nalization compared to control cells, although both lines 
exhibited significant surface receptor loss at higher agonist 
concentrations (panels A and B of Figure 5). However, the 
agonist concentration dependence of receptor internalization 
was not significantly altered in antisense cells (EC50 of 101 
± 9 nM for AS 37, 89 ± 8 nM for AS 108, 88 ± 8 nM for 
wild-type HEK293, and 86 ± 7 nM for vector-transfected 
cells). The time course of receptor internalization was also 
significantly slowed in antisense cells compared to control 
cells (panels C and D of Figure 5). Interestingly, although 
the /i).5 of intemalization was shorter in each antisense line 
(^0.5 of 22.2 ± 4.8 and 13.8 ± 3.7 min for AS 37 and 108, 
respectively, compared to 6.7 ± 1.9 and 5.3 =b 2.1 min for 
wild-type and vector-transfected HEK293 cells, respectively), 
both antisense hues exhibited significant levels of receptor 
internalization at later time points. 

Since arrestins have also been implicated in the uncoupling 
of receptor and G protein (2, 5, 8, 10~12), we next examined 
the effect of reduced an*estin levels on the desensitization 
of endogenous ^2ARs. Agonist-stimulated adenylyl cyclase 
activity was first assessed in homogenates from wild-type, 
vector-transfected, and antisense-expressing HEIC293 cells. 
There were no significant differences among the various cell 
lines in basal (tmtreated) or Iso (O.Ol-lO wM)-, NaF (10 
mM)-, or forskolin (10 /^M)-stimulated adenylyl cyclase 
activities (data not shown). The time course and concentra- 
tion dependence of agonist-mediated desensitization were 
then examined by pretreating cells with Iso (0.1-10 ,«M) 
for 0—45 min prior to homogenization of the cells and 
subsequent detennination of adenylyl cyclase activity (Figure 
6). The rate of /J^AR desensitization was significantly slower 



8728 Biochemistry. Vol. 38, No, 27, 1999 



Mundell et al. 



A 

100 
90- 
80- 
70 
60 
50- 
40- 
30 




— 
-6 



B 

100 
90 
80 
70 
60 
50 
40 
30 




• Wl 

o 108 



log P$o](H) 



loo [lso](M) 




• VW 

o 37 




o 108 



Time (min) 

FiGURa 5: Effect of a reduced level of arrcstin expression on endogenous prAK internalization, (A and B) Cells were treated with a range 
of concentrations (0.01 — 10 ,«M) of (-)-isoproterenol for 20 min and washed extensively in PBS, and the ceil surface y^jAR level was 
analyzed as described in Experimental Procedures. (C and D) Cells were treated with lO/vM (">isoproterenol for ()~45 min and washed 
extensively in PBS, and the surface p2-^^ was analyzed. Data represent means i the .standard error of five independent experiments. 
Note that the total number of receptors was unaffected by agonist pretreatment (8.4 ± 1.6, 12,5 ± 1.9, and 12.7 ± 1.5 fmol of recep(or/mg 
of protein prior to agonist treatment vs 8,0 i 1.5, 11.9 i 1.3, and 1 1.8 i 1.3 fmol/rag following a 45 min treatment vA\h 10, «M Iso for 
vector-transfectcd, AS 37, and AS 108 cells, respectively). 



in both aiitisense eel! lines (/0.5 of 5.0 ± 0.7 and 8.4 ± 0.8 
min for AS 37 and 108, respectively, compared to 2.6 ± 
0.4 and L3 ib 0.5 min for wild-type and vector-transfected 
cells, respectively ) (panels A and B of Figure 6), Additional 
analysis of tliese curves revealed that the initial rapid loss 
of adenylyl cyclase activity (during tlie first 10 iTiin) was 
significantly faster in control cells tiian in antisense-express- 
ing cells (3.2 ± 0.5 and 4.3 ± 0.4% loss of activity per 
minute for wild-type and vector-transfected cells, respectively 
vs 1.9 ± 0,3 and 1.4 ± 0.3% for AS 37 and 108 cell lines, 
respectively). In coiitrast, tlie loss of adenylyl cyclase activity 
during the latter phase (10—45 min) was somewhat greater 
in antisense-expressing cells (0. 1 1 ± 0.06 and 0. 10 ib 0.07% 
loss per minute for wild-type and vector-transfected cells, 
respectively, vs 0.24 ± O.IO and 0.29 ± 0.09.% for AS 37 
and 108 cell lines, respectively). This is likely due to the 
increased number of non-desensitized receptors avaliable in 
antisense cells during this latter period that can undergo 
agonist-induced desensitization. The extent of receptor 
desensitization was also greatly reduced over a range of 
agonist concentrations in antisense versus control cells, 
althougii the EC50 of desensitization was not significantly 
changed (ECso values of 10.8 ± 4.2 and 21.0 ib 7.8 iiM for 
AS 37 and 108, respectively, compared to values of 18.2 d= 
4.2 and 1 1 .4 d= 5.2 nIVI for wild- type and vector-transfected 
cells, respectively) (panels C and D of Figure 6). 

fiiAK desensitization was also assessed in intact cells by 
measuring a time course of cAMP production following 



addition of agonist. The level of ^aAR-stimulated cAMP 
accumulation was significantly greater in antisense than in 
control cells, with a 2— 3 -fold increase in the level of cAMP 
production following a 45 min incubation with Iso (Figure 
7A). In contrast, stimulation with 100/iM forskohn produced 
equivalent increases in the cAMP level among the various 
cell lines (Figiu*e 7B), 

Previous studies have shown that /^^AR internalization 
(which is mediated by anestins) is critical to the process of 
receptor resensitization {14— J 6). To test this possibility, 
vector-transfected, AS 37, and AS 108 cell hues were treated 
with Iso for 30 min. then washed, and allowed to resensitize 
in fresh mediiun. As shown in Figure 8, /JjAR resensitization 
was greatly impaired in cells with reduced arrestin levels 
compared to that exhibited in control cells. 

The ability of reduced arrestin levels to effectively 
attenuate J82AR regulation prompted us to also characterize 
the regulation of additional endogenous GPCRs in these cells. 
In this regard, we studied the desensitizations of two GPCRs 
that are also coupled to activation of adenylyl cyclase in these 
cells, the Azh adenosine receptor (34) and a prostaglandin 
E2 (PGE2)-stUTiulated receptor. In wild-type cells (and vector- 
transfected cells), pretreatment with the adenosine receptor 
agonist NECA resulted in rapid desensitization that reached 
a level of ^75% after 30 min (Figure 9A). Shnilarly, the 
PGE2 response was also subject to rapid desensitization 
reaching —75% following a 20 min pretreatment with agonist 
(Figure 9B). Interestingly, both the NECA- and PGE2- 
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FiGURt 6: Effect of a reduced level of arrestin expression on agonist-induced desensitization of endogenous p2.AKs. (A and B) Cells were 
pretreated with cither vehicle or { — Visoproterenol (10 //M) for 0-45 min. Cells were harvested, and isoproterenol (10 //M)-stijnuIated 
adenylyl cyclase activity was measured hi homogenates as described in Experimental Procedures. (C and D) Cells were pretreated with 
either vehicle or (-)-isoproterenoi (COl-^lO/zM) for 20 niin. Cells were harvested, and isoproterenol ( 10 //M)-vStimuIated adenylyl cyclase 
activity was measured in homogenates as described above. Data represent means it the standard eiTor of five independent experiment;s. The 
level of deseniiitization was significantly lower for /i^AR in AS 37 than in w^ld-type HEK293 cells and in AS 108 tlian in vector-transfecied 
control HEK293 cells (/? < 0.05, two-way ANOVA). 



promoted desensitization were significantly attenuated in tlie 
AS 37 and AS 108 lines (Figure 9). Thus, endogenous 
arrestins appear to pi lay an important role in regulating the 
rapid agonist-promoted desensitization of the A2h adenosine 
receptor and a PGE2-stiinulated^ receptor in HEK293 cells, 

DISCUSSION 

This study is the first to demonstrate that expression of 
antisense mRNAs can effectively reduce endogenous cellular 
arrestin levels. Using this technique, we have characterized 
the effects on the regulation of both exogenously expressed 
02 AR, m2AchR, and m3 AchR) and endogenous (/i2AR, A2b 
adenosine, and PGE2-stimulated) GPCRs induced by sig- 
nificant reductions in arrestin levels. 

Initial characterization of the effectiveness of different 
length antisense mRNAs in reducing the level of arrestin 
overexpression in COS-1 cells yielded candidate constructs 
for arrestin-2 and arrestin-3. HEK293'EBNA cells were then 
utilized to stably transfect and maintain the transfection 
vector (pREP4) and incorporated antisense constmct episo- 
mally. This approach seemed to optimize the effecriveness 
of the antisense signal, since our initial studies in which the 
antisense construct was integrated into the host cell genome 



proved to be unsuccessful. Interestingly, ahhough the arres- 
tin-2 construct selectively reduced arrestin-2 levels, the 
arrestin-3 antisense constnict reduced the level of expression 
of both arrestin-2 and -3. The lack of specificity of our 
aiTesStin-3 antisense construct might be attributed to regions 
of high homology between the corresponding himian arres- 
tin-2 and arrestin-3 mRNAs (35, 36). However, in this regard 
it is unclear why the an^estin-l antisense mRNA did not alter 
arrestin'3 expression. Future studies using regions of lower 
homology between arrestin-2 and -3 may help identify 
antisense sequences with greater specificity, although our 
-^100-500 bp constmcts proved to be ineffective. 

Our initial studies focused on the internalization of an 
overexpressed Flag-tagged /?2AR. These studies showed that 
reductions in the level of endogenous arrestin expression in 
antisense-expressing ceils effectively reduced the level of 
receptor internalization whether assessed by cell surface 
immunoreactivity or ligarid binding. Interestingly, this aboli- 
tion of receptor internalization was evident in all antisense 
cell lines, even those with only a 50% reduction in tlie 
arrestin-2 level alone (AS 37, 51, 52, and 71). To confirm 
that reduced arrestin expression and not nonspecific effects 
were mediating the lack of receptor internalization, receptors 
were transiently coexpressed with arrestin~3 in an attempt 
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FiGUUE 7: Cyclic AMP accumulation in intact wild-type and 
antisense-cxprcssing HEK293 cells. Cyclic AMP levels were 
measured in vector-traiisfected (Wt), AS 37, and AS 108 cells afler 
the addition of 10 /tM (-)-isoproterenol (A) or 100 jmM forskolin 
(B). Values represent means ± the standard error from four 
independent experiments. Tlic level of Iso-stimulated cAMP 
accumulation was significantly greater in AS 37 and 108 cells than 
in wild-type cells (p < 0.05, two-way ANOVA). 

to restore internalization. Overexpressioii of arrestin-3 ('^10- 
fold over basal) had a minimal effect on /?2AR internalization 
in wild-type and vector control cells, indicating that endog- 
enous arrestin levels are sufficient to mediate receptor 
internalization even when the level of receptor expression 
is increased, as previously reported (/A 21). In antisense- 
expressing cells, overexpression of arrestin-3 was sufficient 
to restore receptor internalization to control levels. This 
finding illustrates that the selective reduction in arrestin levels 
mediated the attenuation of receptor internalization. To 
fuither explore the specificity of the arrestin antisense effects, 
we examined internalization of the m2- and m3AchR in the 
AS 37 and 108 lines. The agonist-dependent internalization 
of die ml- and m3AchRs was unaffected by reductions in 
arrestin levels, confinning previous studies that demonstrated 
that internalization of these receptors m HEK293 cells was 
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Figure 8: Effect of a reduced level of aiTcstin expression on (j2- 
AR rcsensitization. Vector-txansfected (Wt) and antisense cells (AS 
37 and lOS ) were pretreated with 10 /^M (-Hsoproterenol for 30 
min, washed, and then reincubated with fresh medium for an 
additional 90 min. Cells were harvested before treatment and 0, 
30, 60, and 90 min after agonist washout and assayed for 
isoproterenol-stimuiated adenylyl cyclase activity as described in 
Experimental Procedures. Values represent means ± the standard 
error from four independent experiments. 

arrestin-independent (52, 3S), These results indicate that 
antisense arrestin mKNA expression specifically affected 
those mechanisms mediating ftAR internalization while not 
affecting arrestin-independent mechanisms mediating inter- 
nalization of ni2- and m3AchR. 

Subsequent studies focused on the regulation of endog- 
enous, natively expressed piAKs. The level of agonist- 
stimulated receptor internalization was reduced in both AS 
37 and 108 ceil lines. The time course of Iso-stimulated 
internalization revealed that reduced arrestin levels inhibited 
rather than stopped internalization. This suggests either that 
the remaining endogenous arrestins mediated receptor in- 
temalization or that mechanisms other than anestin-mediated 
internalization are involved. For example, /?2ARs have been 
shown to colocalize with cavaolae (37), and this may 
represent an aiTestin-independent mechanism of internaliza- 
tion similar to that suggested for the bradykinin receptor (38). 

The reduction in the extent of receptor internalization 
caused by arrestin antisense expression was more drajnatic 
with overexpressed than with endogenous /i2AR. This may 
indicate that a threshold for measurable receptor internaliza- 
tion levels exists that is dependent on both receptor and 
arrestin expression. For example, in a system with a greatly 
increased level of receptor expression and a reduced level 
of aiTcstin expression, receptor intemaltzation may no longer 
be evident. Conversely, when the level of receptor expression 
is low, extant endogenous arrestins in the anti sense-express- 
ing cells can still mediate a measurable level of receptor 
internalization, albeit at a slower rate. 

We observed little difference in endogenous /S2AR inter- 
nalization between AS 37 and 108 lines even though the 
latter exhibits a much greater reduction in an*estin-3 levels. 
This finding suggests that arrestin-3 plays a relatively lesser 
role m endogenous ftAR internalization or that the remaining 
endogenous arrestins are sufficient to induce receptor 
internalization. No clear functional differences have yet to 
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Figure 9: Effect of a reduced level of arrcstin expression on 
agonist-induced desensiiization of endogenous A2b adenosine 
receptor (A) and PGE^-stimulated adenylyl cyclase activity (B). 
Cells were pretreated with either vehicle or (A) NECA (100 //M) 
or (B) PGE2 ( I fiM) for 0~45 min. Cells were harvested, and (A) 
NECA { 100 fiU)- or (B) PGE2 ( I ^M)-stimulated adenylyl cyclase 
activity was measured in liomogenates as described in Experimental 
Procedures. Data represent means ± the standard enor of five 
independent experiments. The level of desensitization was signifi- 
cantly lower for Ajh adenosine receptor and PGE^-stimiilated 
adenylyl cyclase activity in AS 37 and AS 108 than in vector- 
transfected control MEK293 cells Of? < 0.05, two-way ANOVA). 

be identified between arrestin-2 and aiTestin-3 (13). Identi- 
fication of an arrestin-3 antisense constitict that specifically 
reduces endogenous aiTestin-3 protein may help to resolve 
such differences, if any exist. It will also be interesting to 
investigate if other methods of reducing arrestin function used 
in conjunction with reduced arrestin expression can further 
alter receptor signaling. 

The role of airestins in tlie agonist-induced desensitization 
of a number of GPCRs has previously been reported (7 J). 
In intact cells, agonist-specific desensitization of the /?2AR 
was significantly attenuated by expression of antisense 
constrticts. This indicated, as previously suggested, that 
arrestins are involved in the desensitization of /LAR re- 
sponses {/(?). Importantly, cAMP accumulation as a result 
of foi^kolin stimidation was identical in antisense and control 
cells, suggesting the lack of involvement of arrestins in this 
response. Similarly, j^2AR desensitization assessed in cell 
homogenates was also attenuated by arrestin antisense 
constructs. Arrestin antisense expression increased the ^0.5 



of )8iAR desensitization, although a similai* level of desen- 
sitization was ultimately achieved at later time points. This 
could indicate that remaining endogenous anestins interact 
with and uncouple phosphorylated receptors from G protein 
or that mechanisms other than arrestin-mediated imcoupling 
are involved. 

AtTestin-2 has been shown to play an integral role in 
regulating not only desensitization and intracellular traffick- 
ing of GPCRs but also the ability of tlie /S2AR to resensitize 
(39). These findings were further confirmed in our study. In 
antisense-expressing cells, no significant resensitization of 
response was observed, indicating that arrestins play a major 
role in receptor resensitization. 

Since reduced arrestin levels effectively attenuated /J2AR 
regulation, we next used the antisense lines to characterize 
the involvement of arrestins in desensitization of the endog- 
enously expressed A2b adenosine receptor {34). While GRK2 
has previously been implicated in the desensitization of A2b 
adenosine receptors in NG108-15 cells (iO), a role for 
anestins in this process has not been characterized. Agonist- 
mediated desensitization of the A2b adenosine receptor was 
significantly attenuated in cells containing reduced arrestin 
levels, implicating arrestin involvement in the desensitization 
of A2b adenosine receptors in HEK293 cells. 

We also used the antisense lines to characterize desensi- 
tization of a PGE2-stimulated receptor in these cells. At 
present, it is unclear which prostanoid receptors are endog- 
enously expressed in HEK293 cells, although the rapid 
desensitization of the PGE2 response we observed mirrors 
that of the prostaglandin EP4 receptor {40). Interestingly, 
desensitization of the PGE2-stimulated adenylyl response was 
also significantly attenuated in antisense-expressing cells. 
This provides the first evidence of arrestin involvement in 
the desensitization of prostanoid receptors. 

In summary, this study shows that an antisense strategy 
can successfully be employed to reduce endogenous arrestin 
levels and effect changes in ^2AR internalization, desensi- 
tization, and resensitization. Fuitlier, our results demonstrate 
that the antisense cells can also be effectively used to 
examine arrestin involvement in tlie regulation of other 
GPCRs. Future studies will attempt to investigate tlie 
regulation of additional endogenous and transfected GPCRs 
in these ceils. 
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Six vertebrate protein kinases (G-protein-coupled receptor kinases; GRKs) that regulate the function 
of G-protein-coupled receptors (GPCRs) were recently cloned; several distinct properties set them apart 
from conventional second-messenger regulated protein kinases. It appears that GRKs bind GPCR* 
through two separate sites: a high-affinity site, which involves intracellular loops of the activated receptor, 
and the lower-affinity site, encompassing the phosphorylation region. The high-affinity interaction may 
involve complementary structural elements of GRKs and GPCRs* rather than precise amino acid align- 
ment, thus allowing broad and overlapping specificities of these kinases, in spite of differences in the 
sequences of GPCRs, In addition, GRK structures are modified by several posttranslational modifications, 
including phosphorylation, autophosphorylation, prenylation, carboxymethylation, and palmitoylation, 
probably affecting properties of these enzymes. While GRKs phosphorylate and inactivate receptor mole^ 
cules which are engaged in G-protein activation, controversy surrounds whether GRKs might be activated 
and phosphorylate unstimulated GPCRs, leading to a desensitization of a larger population of the recep- 
tors. In this review, mechanistic aspects of GPCR* phosphorylation related to the distinct properties, 
regulation and modes of action of GRKs are described. 

Keywords: G-protein-coupled receptor; rhodopsin kinase; rhodopsin; arrestin; signal transduction; 
G-protein-coupled receptor kinase. 



For 40 years, protein phosphorylation has been recognized 
as a fundamental mechanism of cellular regulation, affecting 
enzymatic activities, cytoskeletal organization and signaling by 
receptors, including the G-protein-coupled receptors (GPCRs). 
Phosphorylation of GPCRs after agonist stimulation results in 
shortened physiological responses and desensitization of signal 
transduction pathways in which these receptors participate 
(Fig, 1). While GPCRs must be turned off to prevent continuing 
activation of the entire population of G-protein, their phosphory- 
lation and subsequent quenching must be timed properly in order 
for some G-protein molecules to become activated by GPCR*. 
Quenching and desensitization of GPCRs by phosphorylation 
are well established phenomena that involve two types of 
Ser/Thr protein kinases: G-protein receptor kinases (GRKs; 
EC.2.7.1. — ) and kinases activated by second-messengers (e.g. 

Correspondence to K. Palczewski, University of Washington, School 
of Medicine, Department of Ophthalmology, Box* 356485, Seattle, WA 
98195-6485, USA 

Fax: 4-1 206 543 4414, 

£-mail: palczews@u. washington.edu 

Abbreviations. GRK, G protein-coupled receptor kinase; GPCR. G- 
protein-coupled receptor; GPCR*, the active form of G protein-coupled 
receptor; Arr, arrestin; PrP2A, protein phosphatase 2A; PtdIns(4,5)P2, 
phosphatidylinositol 4,5~bisphophate. 

Enzymes, G-protein-coupled receptor kinase GRKl, rhodopsin ki- 
nase, (EC 2.7.1.125); G protein-coupled receptor kinases GRK2 and 
GRK3, ^-adrenergic receptor kinases 1 and 2 (EC 2.7.1.126); G-protein- 
<^oupied receptor kinases GRK4, GRK5 and GRK6 (EC 2.7.1.~). 
• ^ote. This Review will be reprinted in EJB Reviews 1997 which will 
^ available in April 1998. 



protein kinase A or protein kinase C). Several comprehensive 
reviews concerning different aspects of receptor phosphorylation 
have been published (Palczewski and Benovic. 1991 ; Inglese et 
al., 1993 ; Haga et al., 1994b; Premont et al., 1995 ; Lohse et al.. 
1996; Ferguson et al., 1996b; Chuang et al., 1996b; Bohm et 
al., 1997; Stoffel et al., 1997). 

GPCRs exist in an inactive conformation, which upon ago- 
nist binding convert to an active form (GPCR* ; Fig. 1). The 
activation persists for a short time allowing GPCR* to catalyze 
nucleotide exchange (from GDP to GTP) on a fraction of G- 
protein molecules (activation). The amplification gain and the 
type of G-protein which is activated depends on the specificity 
of GPCR and the concentration of the agonist. For example, the 
gain for a single photolyzed rhodopsin molecule is several hun- 
dred Gt (transducin) molecules. GRK(s) also binds to cyto- 
plasmic loops of GPCR* forming a stable complex. The acti- 
vated receptors are then phosphorylated at the C-terminus (rho- 
dopsin, the )92-adrenergic receptor) or the third cytoplasmic loop 
(the m2-muscarinic receptor). Phosphorylation has only a small 
inhibitory effect on G-protein activation, but it is an ess^tial 
step for GPCR* desensitization (Chen et al., 1995b; Yamamoto 
et aL, 1997). In vitro, GPCR* can be phosphorylated to a high 
stoichiometry of 7— 9 phosphate groups/GPCR molecule. How- 
ever, a single phosphate/receptor molecule, as observed in vivo 
(see also Fig. 3), is sufficient for quenching signal transduction 
(Bennett and Sitaramayya, 1988). The affinity of the kinase for 
the activated receptor is weakened by autophosphorylation or 
other mechanisms, such as dissociation of G-protein ^Sy-dimers 
from GRK2 or GRK3 and re-association with a-subunits of G- 
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Fig.L The quenching and desensitization cycle of GPCRs. Upon samulation by agonist, GPCR undergoes several physiologically important 
processes, including activation of G-protein, desensitization, sequestration and regeneration (recycling). See the text for details. 



protein molecules, and the kinase is replaced by the regulatory 
protein, arrestin (Arr). In the GPCR*-Pi - Arr complex, GPCR* 
is unable to interact v^ith the G-protein. Accumulation of such 
complexes, which may persist for a long time, would prevent 
the receptor from participating in another round of activation. 
Alternatively, the long-term desensitization in response to pro- 
longed agonist-stimulation may also lead to reduced expression 
and to increased rate of receptor degradation (down-regulation) 
(Ferguson etai., 1996b). \ 

The GPCR*-Pi • Arr complex is sequestered in endosomal 
vesicles, effectively lowering their densities on the plasma mem- 
brane (Tsuga et al., 1994). The sequestration (internalization) 
process is largely uncharacterized at the biochemical level, but 
likely involves the complex GPCR*-Pi • Arr (Ferguson et al., 
1996a,b; Zhang et al, 1996; Goodman et al., 1996). GRK2 
appears also to colocalize with the receptor during internaliza- 
tion (Ruiz-Gomez and Mayor, 1997). For photolyzed rhodopsin, 
removal of die agonist by reductiion of all-fra/ij-retinal to its 
alcohol leads to the release of Arr and dephosphoiylation of the 
receptor by a membrane-associated form of protein phosphatase 
2A (PrP2A) (Palczewski et al., 1989b; Fowles et al„ 1989). 
Rhodopsin is fiilly regenerated when a new ll c/s-retinal chro- 
mophore combines with opsin. For other GPCR*-PrArr com- 
plexes which are sequestered, lowering the pHin intracellular 
organelles may lead to conformational changes of the receptor 
and die activation of a latent form of PrP2A and dephosphoiyla- 
tion (Pitcher et al., 1995 b; Kruegert et al.. 1997) (recycling, 
regeneration). 

Vertebrate Arr are encoded by four genes, which give rise to 
several mRNA forms by alternative splicing (Palczewski, 1994). 
Which GRK and Arr participate in the inactivation of a particu- 
lar GPCR* depends on their localization and kinetic properties. 
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Fig. 2. Schematic representation of the domain structure of GKKs^ 
GRKs are monomeric enzymes that contain the catalytic domain in 
middle of the sequence. N- and C-terminal regions are sites of po^' 
translational modifications and are regulatory regions of the kinases. 
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This review will focus on the enzymological properties of 
GRKp» , , , d fc. ^ 



GRKs are single-subunit kinases 
that phosphorylate activated GPCR 

Six members of related mammalian Ser/Thr protein kinases 
have been cloned (Fig. 2, Table 1). These enzymes are a single- 
subunit (molecular mass, 63-80 kDa), water soluble, and show 
30-85% amino acid sequence identity between protein pairs 
(57-96% overall similarity). Based on sequence similarity, this 
family is further subdivided into two groups comprising closely 
related GRK2 and GRK3 in the first group, and GRKl, GRK4, 
GRK5 and GRK6 in the second group. Unrelated GRKl, GRK2 
and GRK4 gene structures suggest that they are functional ana- 
logs but not homologs (Penn and Benovic, 1994; Fremont et al, 
1996; Khani et al., 1996), and different chromosomal localiza- 
tions indicate the absence of the evolutionary pressure for 
maintaining chromosomal clustering (Table 1). GRK2, GRK3 
(known also as )9-adienergic receptor^ kinases 1 and 2), and 
GRK6 (for which Gagnon and Benovic, 1997, also identified a 
transcriptionally inactive pseudogene on human chromosome 
13) are ubiquitously expressed, in contrast to the more specific 
localization of GRKl (retinal photoreceptor cells and pinealo- 
cytes), GRK4 (testis, brain), and GRKS (heart, lung and retina). 
The role of GRKl in photoreceptors is likely restricted to photo- 
transduction, while its function in the pineal gland is unknown 
(Zhao et al., 1997). Nonetheless, patterns of expression likely 
imply functional specialization of the GRKs. 

The amino-tenninal domain («^180 amino acids) (Fig. 2) is 
related («=65% similarity) among all GRKs, although the se- 
quence identity is <30%. Conserved amino acids are found 
throughout this region, suggesting that the secondary structure 
may be similar among GRKs. The N-terminal region may be 
involved in the interaction with GPCRs* (Palczewski et aL. 
1993), whereas in GRK4, 5, and 6, the amino-terminal domain 
may also be involved in binding of phosphatidylinositol 4,5- 
bisphosphate (PtdIns4,5P2) (Pitcher et al, 1996). 

The ATP-specific, catalytic domain is found in the middle 
of the sequence and is highly similar among GRKs (—60% iden- 
tity for group I and «40% identity between groups I and II). 
This region is similar to other protein kinases, however, protein 
kinase C isoenzymes are more closely related (^40% identity), 
suggesting a close evolutionary connection and perhaps similar 
regulation among the GRKs and protein kinase C isoenzymes. 

The carboxyl-terminal domain (80-200 amino acids; ^=^40- 
60% sequence identity) is the site of autophosphorylation 
(GRKl, GRK4, GRK5, and GRK6) on Ser and Thr residues 
within the sequence KD(N)V(I)DI(V)XXFST(A)VKGV. This 
sequence is similar to a part of the first )S-strand and jS-tum in 
acylphosphatase which contains key residues of the active site 
(Pastore et al., 1992). This similarity suggests that die autophos- 
phorylation sequence may have evolved to bind phosphate 
groups covalently or noncovalently. Instead of these phosphory- 
latable residues, GRK2 and GRK3 have acidic residues -DEED- 
which may complete the same function. The C-terminus also is 
the site of famesylation (GRKl) or palmitoylation (GRK4, 
GRK6) (reviewed by Fremont et al, 1995). In contrast, GRK2 
and GRK3 have a pleckstrin homology domain involved in the 
interaction with the Py subunits of G-proteins (Haga and Haga, 
1992; Koch et al., 1993) and various species of phospholipids 
(Pitcher et al., 1995 a; DebBurman et al., 1995, 1996; Onorato 
et al., 1995). Several splice variants of GRK4 were identified 
but their functional differences are unclear (Table 1). . 




'"W^ ^ '^^^^ • V 
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Fig. 3. The stable-complex model of phosphorylation of photolyzed 
rhodopsin by GRKl at distinct sites. In this model, GPCR* fonns 
stable complexes with GRK. Different conformations of the GPCR* C- 
terminus leads to phosphorylation at different residues of the receptor. 




Fig. 4. The hysteresis model of the GRKs. In diis model, GPCR* ii^ 
teracts with GRK producing an activated form of the kinase. GRK* is 
able to interact with GPCR and GPCR*. » 



GPCRs* are substrates for GRKs : 
two mechanistic models of GRK action 

GPCRs exist in equilibrium between inactive and active con 
formations, which is shifted by the binding of agonist towani 
the active forms (GPCRs*). GRKs eidier phosphorylate only 
GPCRs* (according to a stable-complex model; Fig. 3), or they 
are activated by GPCRs* and then phosphorylate GPCRs* 
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degree GPCRs (according to a hysteresis model; 



tions, GRKl remains bound to rhodopsin* for >2 s (Hofmann 



• * protein kinases phosphorylate peptides which con- 
I . ^ appropriate consensus sequence (a recognition motif), 
example, protein kinase A shows preferences for the 
'bXSCO sequence (Kemp and Pearson, 1991), suggesting that 
substrate recognition site is contained within a continuous 
^ recognition element close to the phosphorylated residue, 
contrast, GRKs recognize activated conformations of GPCRs 
her than linear sequences. GRKl and GRK2 (and most Ukely 
\ other GRKs) phosphorylate peptides that encompass the 
Phosphorylation region of the receptor, and also random acidic 
^ neutral peptides containing Ser or Thr residues. The catalytic 
Ificiency of peptide phosphorylation, however, is much lower, 
with a A^m as much as 10000 times higher and a V^,^ 10-100 
limes lower than for the activated receptor (Palczewski et al, 
1989a; Onorato et al., 1991). 

Akhtar and colleagues first demonstrated that GRKl be- 
comes activated as a resuh of its interaction with photolyzed 
rhodopsin and, in turn, can phosphorylate exogenously added 
peptide substrates (Fowles et al., 1988). The hysteresis model 
proposes that after interacting with GPCR*, GRK remains in the 
active conformation for a period of time (Brown et al., 1992), 
Activated kinase GRK* then is capable of dissociating from 
photolyzed rhodopsin and stays active with a half-life of ^2 min 
(Dean and Akhtar, 1996), phosphorylating activated and non- 
activated receptors, or exogenous peptides (Fig. 4). The rate of 
phosphorylation of photolyzed rhodopsin by GRKl* is 80 times 
higher than the rate of phosphorylation of non-photolyzed rho- 
dopsin (Dean and Akhtar, 1993). These observations are consis- 
tent with high-gain phosphorylation observed for rhodopsin, 
photolytiS bleached by exceedingly low illumination (Aton, 1986; Binder 
^CR* fonl e( a!., 1990). 

' GPCR* (| The consequence of high-gain phosphorylation on photo- 
le receptot transduction, if physiologically relevant, remains unclear. Due 
10 the high concentration of rhodopsin in rod outer segments 
(==^3 mM), the phosphorylation of unbleached rhodopsin might 
be inconsequential for tempering the gain of G-protein activation 
by newly activated receptors (Binder et al, 1996). The photore- 
ceptor response saturates at a very low fraction of bleached rho- 
dopsin, and the ratio of phosphorylated rhodopsin/rhodopsin is 
exceedingly low; thus, the probability of the capture of light by 
phosphorylated rhodopsin is low. Alternatively, GRKl* may 
have a much higher affinity for unphosphorylated, photolyzed 
rhodopsin when compared to unactivated GRKl, thus effectively 
competing with G-protein activation and contributing to desensi- 
lization (light adaptation). The hysteresis phenomenon related to 
protein conformation is very rare in biochemistry. Typically, it 
involves a chemical reaction, covalent modification, and sudden 
changes in hydrostatic pressure or pH, making this enzymatic 
system intriguing for future studies. 

It is possible that only GRKl phosphorylates both active and 
unactivated GPCRs, displaying properties distinct from other 
GRKs. The argument would be that, due to low affinity for the 
^'le of phosphorylation, and the low density of GPCR (with the 
exception of rhodopsin), phosphorylation of non-activated 
GPCR by GRKs would occur with exceedingly low probability. 
Pfolbnged kinase activity would lead rather to the phosphoryla- 
^>on of other proteins (receptors) that are in high densities, owing 
to low sequence preference. 

In contrast, the stable-complex model proposes that the ki- 
active coiv nase binds to GPCR*, and forms a stoichiometric and stable 
list towani complex as determined by direct binding studies (PulvermuUer 
rylate oni) et aL, 1993) or using dominant negative mutants of GRKs (Kong 
3), or the) et al., t994; Pais-Rylaarsdam et al., 1995). In the GRKl*-rho- 
PCRs* aw dopsin* complex, when extrapolated to physiological condi- 



GPCR* 
5e. GRK* 



more efficient in catalysis, either using the C-terminus of its own 
receptor with which it forms a complex, or an exogenous peptide 
substrate (Palczewski et al., 1991; Chen et al.. 1993) (Fig. 3). 
Truncated, photolyzed rhodopsin further enhances peptide phos- 
phorylation as compared to photolyzed native rhodopsin, sug- 
gesting that the C-terminus may be an obstacle to the exogenous 
peptide. The half-samrating concentration for all truncated forms 
of rhodopsin in the stimulation of exogenous peptide are similar 
to the for photolyzed rhodopsin, suggesting that the affinity 
of GRKl for truncated, photolyzed rhodopsin is unchanged and 
involves mainly the cytoplasmic loops of the receptor (Fig. 3). 
Similarly, when comparable sites of the m2-muscarinic receptor 
are eliminated, the mutant can still activate GRK2 (Kameyama 
et al., 1994). However, the data derived from peptide studies 
should be considered with caution, since peptides may be phos- 
phorylated through mechanisms other than GPCRs. 

In this model, GRKl first binds ATP, which increases the 
for the activated receptor by a factor of *=10 (^lO^M'* s~^) 
(Pulvermtiller et al., 1993). GRK recognizes the activated form 
of GPCR* generated as a result of the agonist binding. The bind- 
ing of GRK to GPCR* may also take place due to activating 
mutations or protonation of acidic residues within transmem- 
brane or cytoplasmic domains of GPCR, respectively (Pei et al„ 
1994; Rim and Oprian, 1995; Buczylko et aL, 1996). The 
GPCR* • GRK complex involves geometrical complementaries 
of the N-terminal domain of the kinase and cytoplasmic loops 
of the receptor (for example Shi et al.. 1995; Thurmond et aL, 
1997), allowing broad and overlapping substrate specificity (Ta- 
ble 1), Multiple Ser and Thr residues at the C-terminal region 
of many GPCRs are considered hallmarks for multiple phospho- 
rylation, and in vitro multiple phosphorylation (5—9 phosphate 
groups/receptor molecule) has been observed for photolyzed 
rhodopsin, )82-adrenergic receptor, and other receptors. How- 
ever, only limited, primary mono-phosphorylated or bis-phos- 
phorylated species were detected in vivo (Benovic et aL, 1986; 
Ohguro et al., 1995). These differences could result from the 
methods used for in vitro biochemical procedures, such as ex- 
cess GRKs, lack of phosphatases, diluted membrane prepara- 
tions with compromised membrane structure, strong receptor 
stimulation, long phosphorylation time courses, different milieus 
of nucleotides and metal ions, or diminished arrestin molecules 
and proteins involved in sequestration. Fig. 3 shows two com- 
plexes between photolyzed rhodopsin and GRKl, with an active 
site (with bound ATP) projecting toward residues 338 and 334. 
These two complexes differ by changes in the conformation of 
the C-terminus ; however, it is possible that the sites of phospho- 
rylation are influenced by a subtle change in the receptor's cyto- 
plasmic loops, leading to a different projection of the active site 
toward the unchanged C-terminus. Note that either event as- 
sumes a weak interaction of the phosphorylated region with the 
catalytic site of GRKl, in contrast to the firm interaction of the 
kinase with the cytoplasmic loops. As reported for GRKl, 
GRK2 and GRK5, GRKs preferentially phosphorylate different 
Ser/Thr residues, using photolyzed rhodopsin or ^-adrener^ic 
receptor as substrates (Palczewski et al., 1995 ; Fredericks et al., 
1996). Multiple phosphorylation might be sequential, with a 
neighboring hydroxyl-containing amino acid adjoining the pri- 
mary site of phosphorylation (PuUen et al., 1993; PuUen and 
Akhtar, 1994; Ohguro et al., 1993, 1996). This hierarchical 
phosphorylation scheme was also proposed for the phosphoryla- 
tion of the N-formyl peptide receptor by GRK2 (Prossnitz et al., 
1995). The for die GPCR* • GRK complex is increased when 
either the kinase or receptor is phosphorylated (PulvermuUer et 
aL, 1993). 
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dependent on particular amino acid sequences. Several GRKs 
phosphorylate a large number of activated GPCRs (Table 1) with 
overlapping specificities but with different kinetics, thus 
resulting in different profiles of receptor desensitization. These 
properties make GRKs unique among the protein kinases, and 
exemplify in a broader sense, the importance of the inducible 
protein -protein interaction in controlling signaling activity, in 
addition to direct control of enzymatic activities by a diffusible 
ligand. Phosphorylation of GPCRs at different sites may play 
different roles in receptor physiology, 

A different interpretation, involving protein kinase C, was 
proposed by Greene et al. (1997). This study is in contrast with 
the results obtained by Ohguro et al. (1996) and inconsistent 
with slow dark adaptation (resensitization) of human vision in 
patients lacking GRKl (Yamamoto et al., 1997; Cart and Ripps, 
1967). 

GRKs might be regulated by calcium and lipids 

GRKs are not directly affected by second messengers. How- 
ever, this does not rule out the possibility of regulation by other 
proteins that respond to changes in the concentration of cAMP, 
Ca^^, Ins( 1,4,5)^3, or phospholipids. Such regulation was pro- 
posed for GRKl by the Ca^^-binding protein, S-modulin (Kawa- 
mura, 1993), for GRK2 and GRK5 by protein kinase C (Chuang 
et al., 1995; Winstel et al., 1996; Pronin and Benovic, 1997), 
for GRK4ff and GRKS by calmodulin (Chuang et al., 1996a; 
Sallese et al., 1997), for GRK2, 3, 4, 5 and 6 by phospholipids 
(for the most recent studies see DebBurman et al., 1996; Pitcher 
et al., 1996), and for the regulation of transcription of GRKs by 
second messengers (De Blasi et al., 1995; lacovelli et al., 1996). 
The regulation of GRKs would produce branch points in signal 
transduction pathways. GRKs are also posttranslationally modi- 
fied by prenylation and carboxymethylation (GRKl), palraitoy- 
lation (GRK4 and GRK6) and autophosphorylation (GRKl and 
GRK5) (reviewed by Inglese and Premont, 1996). 

Famesylation is not essential for bovine GRKl to associate 
efficiently with its substrate, as the non-famesylated mutant of 
GRKl has significant activity toward photolyzed rhodopsin (In- 
glese et al., 1992). Famesylation is a permanent modification 
that may be part of a larger domain involved in the interaction 
with the membrane and is unlikely to function in dynamic regu- 
lation of the kinase. It is possible that famesylation may play a 
vital role in directing GRKl to a specific region of these highly 
differentiated rod and cone photoreceptors, thus retaining GRKl 
tethered to membrane compartments of these cells. Consistent 
with this hypothesis is the observation that chicken rhodopsin 
kinase contains a consensus sequence for geranylgeranylation 
instead of famesylation (Zhao, X. Y. and Palczewski, K., un- 
published). Much less is known about the dynamics of the pal- 
mitoylation/palmitoylation regulation, and how this modification 
may influence the rate and the sites of GPCR*^ phosphorylation 
by GRK4 or GRK6, or their cellular localization (reviewed by 
Inglese and Premont, 1996). 

Autophosphorylation of GRKl occurs predominantly on two 
neighboring residues, Ser487 and Thr488 (Palczewski et al., 
1993), affecting the stabilization of the rhodopsin *-GRKl com- 
plex (Pulvermiiller et al., 1993) without changing the initial mte 
of phosphorylation. These results suggest diat the competition 
between GRKl and G-protein for the binding to GPCR* may be 
affected by autophosphorylation. In contrast, GRK5 undergoes 
phospholipid-stimulated autophosphorylation that increases its 
enzymatic activity by 15-20-fold. The binding of lipids was 
proposed to take place at the C-terminus of the enzyme, in the 



of PtdIns(4,5)P2 at the N-terminus (Pitcher et al, 1996). GRK4 
and GRK6 do not autophosphorylate in purified forms, even In 
the presence of phospholipids. 

Several studies suggest that GRKs translocate from the cytQ, 
sol to the membrane, for example, as a result of an agonisj 
stimulation of GPCR, protein-kinase-C-dependent phosphorylg 
tion, binding of the G-protein )Sy-dimer, paJmitoylation or fame- 
sylation (Winstel et al., 1996; Inglese et al., 1992). However 
these experiments were done using biochemical and in vitro het' 
erologous expression systems, therefore, the physiological signj. 
ficance of these observations remains unclear (Stoffel et al 
1997). In fact, GRKl and GRK2, the most studied enzymes 
were found to be localized to several membrane compartments 
of the cell (Palczewski et al., 1992; Garcia-Higuera et al., 1994. 
Murga et al., 1996). GRK4 and GRK5 are tightly associated 
with the membrane even in reconstitution assays and have 
increased basal activity toward receptors in the absence of an 
agonist. It is likely that GRKs are always membrane-associated 
and diffuse two-dimensionally to nearby receptors. 

Regulation of GRKl by recoverin involves direct complex 
formation between these two proteins (Chen et al., 1995a), 
likely blocking the kinase from interaction with photolyzed rfio- 
dopsin. Senin et al. (1997) found that recoverin inhibits the 
phosphorylation of unbleached rhodopsin more than it does that 
of bleached rhodopsin, proposing that this calcium regulation 
prevents GRKl from participation in a side reaction (high-gain 
phosphorylation). Calmodulin strongly inhibits GRK4a and 
GRK5. The enzymatic activity of GRK5 is unaffected when a 
soluble substrate was used, but calmodulin prevents association 
of GRK5 with membranes. GRK2 and 3 are much less affected 
by calmodulin (Chuang et al., 1996a; Haga et al., 1997). Intrigu- 
ingly, three other splice variants of GRK4 (fi, y, and 5) are not 
inhibited by calmodulin (Sallese et aL, 1997). These two 
calcium-binding proteins interact with their targets with different 
affinities, namely the EC50 between GRKl and recoverin, 
GRK2, GRK4a or GRK5 and calmodulin are =«3 nM, ^10 pM, 
*=80 nM and ^40 nM, respectively. Thus, calcium through re- 
coverin or calmodulin would prolong G-protein activation. It is 
interesting to note, however, that photoreceptor cells are unique 
as far as lowering calcium, while other cells show an increase 
in the calcium levels as a result of activation. 

Additional controversy surrounding the physiological func- 
tion of recoverin has been reviewed by Polans et al. (1996). 
Note that the phototransduction cascade produces a decreased 
influx of cations, including calcium. During the recovery, how- 
ever, the drop in the intracellular free calcium remains even after 
the photo-current returns to the dark conditions (Gray-Keller and 
Detwiler, 1994), suggesting a fast buffering of entering calcium. 
The change in the initial phase of the photo-current is indepen- 
dent of rhodopsin phosphorylation (Chen et al., 1995 b). Thus, 
the remaining time of the photoresponse occurs with low intra 
cellular free calcium, during which phosphorylation takes place. 
It can be proposed that recoverin, in physiological conditions, 
may be a calcium buffer rather than being involved in GRKl 
regulation (see Ohguro et al., 1996). 

The activities of GRK2 and GRK5 are affected by some 
membrane phospholipids in which the native substrate, GPCRs. 
are inserted. For example, lipids bind to GRK2 and 5, inducing 
a more active conformation (Onorato et al., 1995 ; Kunapuli ei 
al., 1994b). There are some conflicting data published on the 
lipid regulation of GRKs (DebBurman et al., 1996; Pitcher et 
al., 1995a, 1996; Kunapuh et al., 1994b), resulting likely from 
different experimental approaches. The addition of different lip- 
ids may stabilize the active conformation, GPCR*, to a varying 
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ample Iqw level of Meta II formation in phosphati- 
*^ jiTrrr'^ ni f}\\ I } I' fli'"riii j'l i iTrT T^n^ tfmf s nhsf ntfr^m i 
^ ^ected by lipids, a definitive answer to whether these de- 
^bed phenomena are direct effects on GRKs, GPCRs, or on 
complex between both GRK^GPCR, awaits further experi- 

Haga and collaborators found that py subunits of G-proteins 

pulate GRK2 (Haga and Haga, 1992; Haga et al., 1994a). 
fhe binding site was identified within the C-terminal pleckstrin 
^0oHy domain (Pitcher et aL, 1995 a; Koch et al., 1993). 
Stimulation of GRK2 and 3 by the fiy subunits might be depen- 
jjcntonthe presence of phospholipids (DeBburman et al., 1996). 
(j-ptotein-coupled receptors and G-protein subunits also 
jjiow isoform-dependent specificity in GRK2 and GRK3 activa- 
tion in intact ceils (Daaka et al., 1997). 

GRK2 is activated by protein-kinase-C-dependent phosphor- 
ylation (Chuang et aL, 1995; Winstel et al., 1996). The site of 
phosphorylation has not been rigorously determined but is prob- 
ably located within the pleckstrin homology domain. This acti- 
vation might be analogous to the activation by fiy subunits of G- 
pfoteins and phospholipids (increasing V„,„ /K^; Kim et al., 
1993; Haga and Haga, 1992; Haga et al, 1994a). It remains to 
be determined how a combination of effector molecules (phos- 
pholipids, py dimer of G-proteins, and protein kinase C) co- 
regulate this kinase in the cell. In contrast, protein kinase C stoi- 
chiometrically phosphorylates GRK5, resulting in an inhibition 
of GRK5. The site(s) of phosphorylation were localized to the 
C-terminal region of the kinase (Pronin and Benovic, 1997). 

The information reviewed here can be summarized on three 
conclusions. First, GPCRs* exist in several quasi-stable confor- 
mations which can form distinct complexes with GRKs leading 
to phosphorylation at different sites. Second, the stable-complex 
model predicts that, in biochemical assays, mutation of one 
phosphorylable Ser/Thr residue, for example to Ala, will cause 
phosphorylation of another residue in this same region, as Ser 
and Thr are typically present in a high frequency in proteins 
(already shown experimentally, Robinson et al., 1996). Third, 
phosphorylation at different sites may have important physiolog- 
ical consequences in serving different inactivation pathways of 
GPCR*. Due to significant progress in understanding the enzy- 
mology of GRKs, these predictions can be addressed in the 
future. Integration of these biochemical properties with events 
taking place under physiological conditions, including selectiv- 
ity of kinases for a particular GPCR, however, remains a chal- 
lenging area of research. . .,..•;';.*'. ■ ' . 
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Mj/c added in proof. The stable-complex model is supported by the re- 
sults of studies on rhodopsin (Zhang et al., 1997) and the ni2 muscarinic 
acetylcholine receptor (Pals-Rylaarsdam and Hosey, 1997). 
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Abstract 

G protein-coupled receptors (GPRs) play a key role in controlling hormonal reg- 
ulation of numerous second-messenger pathways. However, following agonist 
activation, most GPRs rapidly lose their ability to respond to hormone. For many 
GPRs, this process, commonly referred to as desensitization, appears to be pri- 
marily mediated by two protein families: G protein-coupled receptor kinases 
(GRKs) and arrestins. GRKs specifically bind to the agonist-occupied receptor, 
thereby promoting receptor phosphorylation, which in turn leads to arrestia bind- 
ing. Arrestin binding precludes receptor/G protein interaction leading to func- 
tional desensitization. Many GPRs are then removed from the plasma membrane 
via clathrin-mediated endocytosis. Recent studies have imphcated endocytosis 
in the resensitization of GPRs and have Hnked both GRKs and arrestins to this 
process. In this review, we discuss the role of GRKs and arrestins in regulating 
agonist-specific signaling and trafficking of GPRs. 



AGONIST-SPECIFIC DESENSITIZATION 
OF G PROTEIN-COUPLED RECEPTORS 

In order to respond to rapid changes in agonist concentration, activated re- 
ceptors must be inactivated and then restored for stimulation. In intracellular 
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signaling systems, the effects of an agonist are regulated at several levels, but 
alterations at the receptor locus appear to be the major means by which regu- 
lation occurs in many G protein-coupled receptor (GPR) signaling pathways. 
Acute regulation at the level of the GPR, called desensitization, is characterized 
by the waning of a stimulated response in the presence of continuous agonist 
exposure, and this phenomenon has been demonstrated in many different hor- 
mone and neurotransmitter signahng systems and in many different organisms. 
The phenomenon of desensitization has also been referred to as quenching, 
deactivation, tolerance, adaptation, and tachyphylaxis. 

The phenomenon of desensitization can be subdivided along several lines: 
agonist-specific or non-agonist-specific, depending on the nature of the causa- 
tive stimulus; rapid (seconds to minutes) or slow (hours to days); and loss of 
receptor signaling function (uncoupling) or loss of receptor number (down reg- 
ulation). Agonist-specific desensitization is characterized by the loss of GPR 
responsiveness to the desensitizing agent only, while non-agonist-specific de- 
sensitization is characterized by diminished responsiveness to muhiple stimuli 
following exposure to a specific desensitizing agent. A hallmark of agonist- 
specific desensitization is the normally rapid, fiinctional uncoupling of GPR/G 
protein interaction at a time when the total pool of receptors remains essentially 
constant. The functional uncoupling of GPR/G protein interaction is perceived 
as a reduction in the sensitivity to and maximal effect of agonist. Desensitiza- 
tion of the response to hght by the photoreceptor rhodopsin and the response 
to hormone by the ;S2-acir^nergic receptor (PiAR) are the best-studied model 
systems for this phenomenon (1,2). 

Since rhodopsin is available in greater quantities than any other GPR, much 
of our knowledge on the phenomenon of desensitization has come from stud- 
ies with rhodopsin. In order to perceive continuous environmental changes 
in light, the rod cell photoreceptor GPRs must recover from light activation 
and be restored for subsequent stimulation. Thus, a rapid turnoff mechanism 
has evolved for terminating phototransduction. In phototransduction, desen- 
sitization of rhodopsin was observed to occur in less than 1 s following light 
stimulation (3), thereby preventing a brief flash of light from being perceived 
as continuous illumination. 

The ySjAR was one of the first nonvisual GPRs to be purified in substan- 
tial quantities, and it also demonstrated very marked desensitization. Within a 
few seconds of ^-agonist exposure, detectable increases in cAMP occurred, 
but this increase plateaued or even returned to near basal levels within a few 
minutes (4-6). Desensitization of the JS2AR was exemplified by the observa- 
tion that plasma membrane preparations derived from desensitized cells exhibit 
markedly diminished adenylyi cyclase activity upon restimulation with ago- 
nist. The rapid loss of )02A^I^-stimulated adenylyi cyclase activity occurred 
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without a change in the abihty to activate the G protein directly, indicating that 
the adaptation was not occurring at the level of the G protein. Desensitization 
was postulated to occur via alteration of the ^2^^ itself, since purified 
from desensitized turkey erythrocytes showed an impaired capacity to stimulate 
adenylyl cyclase when assessed in a reconstituted system (7). 
, While rhodopsin and the ^2^^ served as useful model systems, agonist- 
specific desensitization is a general phenomenon that has been observed for 
many GPRs. In this review, we discuss the role of G protein-coupled receptor 
' kinases (GRKs) and arrestins in regulating agonist-specific signaling of GPRs. 

G PROTEIN-COUPLED RECEPTOR KINASES 

The light-dependent phosphorylation of rhodopsin in vivo was discovered in 
the early 1970s (8,9). It was subsequently demonstrated that the kinetics of 
rhodopsin phosphorylation correlate well with the quenching of cGMP phos- 
phodiesterase (PDE) activity (10), indicating that rhodopsin phosphorylation 
likely is involved in its desensitization. Using ion exchange chromatography 
to separate highly phosphorylated rhodopsin into species with different extents 
of phosphorylation, Wilden & Kuhn (11) showed that >70% of the rhodopsin 
molecules had >7 mol/mol phosphorylation stoichiometry, while the remain- 
der had between 0 and 7 mol/mol, suggesting cooperativity between individual 
phosphorylation sites. 

The GRK that phosphorylates rhodopsin, called rhodopsin kinase or GRKl, 
binds preferentially to light-activated rhodopsin (12), a characteristic that was 
exploited in its purification (13). Upon binding to light-activated rhodopsin, 
rhodopsin kinase phosphorylates the receptor at multiple Ser and Thr residues 
.(8, 9). Rhodopsin kinase also phosphorylates the cone-specific pigment iodop- 
sin, suggesting that a rhodopsin kinase-like GRK regulates cone cell photore- 
ceptors (14). Rhodopsin kinase was subsequently cloned (15) and was demon- 
. strated to be predominmtly expressed in retina, where it localized to both rods 
;arid cones, arid to a lesser extent in the pineal body (16). Rhodopsin kinase 
contains a consensus CAAX motif to direct its famesylation (17, 1 8), a modi- 
fication that likely targets rhodopsin kinase to the membrane where rhodopsin 
■ is located. 

: ■ Peptide mapping analysis of phosphorhodopsin (19) and lack of phospho- 
rylation of a C-terminally truncated rhodopsin (20) indicated that most of 
the phosphorylation sites in rhodopsin are located in its C terminus. Inter- 
estingly, the C terminus of rhodopsin appears to become more accessible in the 
metarhodopsin II state (21), the activated state of rhodopsin that is phospho- 
rylated by rhodopsin kinase, suggesting a conformational change in rhodopsin 
upon its light-activation. Many subsequent studies in vitro identified Ser338 
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and Ser343 as the primary phosphorylation sites in the C terminus (22-24). In 
vivo, Ser334, Ser338, and Ser343 were demonstrated to be the major sites of 
phosphorylation of rhodopsin (25,26). The observations that rhodopsin and 
C-terminally truncated rhodopsin stimulate rhodopsin kinase phosphorylation 
of exogenous peptide substrates suggested a model in which inactive rhodopsin 
kinase binds to metarhodopsin II and becomes activated to phosphorylate 
C-terminal residues (20, 27). 

Phosphorylation of rhodopsin greatly reduces PDE activation, and the mag- 
nitude of this effect correlated with the stoichiometry of phosphorylation (28), 
prompting speculation that phosphorylation of rhodopsin directly reduces its 
binding affinity for transducin. The role of rhodopsin phosphorylation in in- 
activating rhodopsin in vivo was elegantly demonstrated using transgenic mice 
expressing a C-terminal truncation mutant of rhodopsin (terminating at Ser334). 
Abnormally prolonged responses were recorded from rods of these transgenic 
mice, attributed to activation of the truncated rhodopsin species that lack most 
of the C4erminal phosphorylation sites (29). 

A covalent modification of the /3 AR upon its desensitization was suggested by 
a decrease in the electrophoretic mobility of the desensitized ^ AR (30). Phos- 
phorylation was identified as the covalent modification, since stoichiometric 
phosphorylation of the P2^R occurred after exposure of intact cells to agonist 
and the kinetics and dose response of )32AR phosphorylation paralleled those 
of desensitization (31,32). A kinase other than the cAMP-dependent protein 
kinase (PKA) (involved in non-agonist-specific desensitization) was implicated 
in agonist-specific desensitization of the ^AR because agonist-induced phos- 
phorylation and desensitization still occurred in kin" S49 lymphoma cells, 
which lack PKA, and eye" cells, which lack the a subunit of (4, 32, 33). 

A partidly purified preparation of a protein kinase from the supernatant of a 
high-speed spin of lysed kin~ S49 lymphoma cells was capable of phosphorylate 
ing the agonist-occupied p2^R, indicating that this protein kinase may indeed 
be involved in agonist-specific desensitization of the P2^R (34). A cDNA en- 
coding this protein kinase (termed jS-adrenergic receptor kinase, ySARK, or 
GRK2) was subsequently cloned and sequenced, and it expressed an enzyme 
that preferentially phosphorylates the agonist-activated p2^R (35). Unlike the 
restricted localization of rhodopsin kinase, pARK is expressed ubiquitously 
(35, 36). Moreover, /SARK purified from bovine brain was demonstrated to 
have a of 0.25 fjM for the agonist-activated Pi^Ry phosphorylating it to 
a stoichiometiy of ~8 mol/mol (36). Interestingly, PARK can phosphorylate 
light-activated rhodopsin and rhodopsin kinase can phosphorylate the agonist- 
activated AR, suggesting that the mechanisms regulating these two signaling 
systems are similar (3 7). Binding to the cytosoHc domains of GPRs also appears 
to activate /3ARK, which is similar to the proposed mechanism of activation 
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of rhodopsin kinase (38). Initial studies suggested that the /3ARK phosphory- 
lation sites on the /^iAR are also located in its Ser/Thr-rich C terminus (39). 
More recent studies have identified serines 396, 401 , and 407 and threonine 384 
as the primary sites for ^ ARK phosphorylation of the human ^^AR (40). In 
fact, neariy all GPRs have clusters of Ser/Thr residues in the third intracellular 
domain and/or C terminus that are potential phosphorylation sites for GRKs. 

The significant amino acid sequence homology between rhodopsin kinase 
and fiARK (~33% identity and ~58% similarity) suggested that they were 
members of a gene family of GRKs (15, 35). In the early 1990s four other 
members of the GRK family were discovered. ^ARK2 (GRK3) was cloned 
from a bovine brain cDNA library (41), IT 11 (GRK4) from a human frontal 
cortex cDNA library (42), GRKS from a human heart cDNA library (43), and 
GRK6 from human heart and brain cDNA libraries (44). Two Dwsophila 
melanogaster GRKs, GPRKl and GPRK2, were also cloned in the eariy 1 990s 
(45). While ySARK, y3ARK2, GRKS, and GRK6 are ubiquitous, GRK4 is 
found predominantly in testes (Table 1). All GRKs share a similar structural 
organization with a poorly conserved N4erminal domain of ~ 185 residues, a 
conserved protein kinase catalytic domain of -^270 residues, and a variable 
length C-terminal domain of 105-230 residues Figure 1). 

Biochemical characterization of the GRKs was greatly enhanced by baculo- 
virus-mediated overexpression in Sf 9 insect cells. Sf 9-expressed ^ARK and 
^ARK2 specifically phosphorylate the agonist-occupied form of rhodopsin 
(^m 10 tiM) and the p^^K (K^, - 50 nM) (46). Many studies subsequently 
demonstrated that two important regulators of ^ ARK and pARK2 are the fiy 
subunits of G proteins (47-49) and acidic phospholipids (50-53). The spe- 
cific binding site for Py subunits on ^ARK was localized to a discrete region 
in its C terminus (largely within the pleckstrin homology domain) (54). The 
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Famesylation 
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13q34 
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Ubiquitous 
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G^y, Acidic PL 


Ubiquitous 


22qU 
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Four splice variants 
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PL Binding 
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PKC. calmodulin 


GRK6 




Palmitoylation 


Ubiquitous 


5q35 


Calmodulin 



•RK, liiodopsia kinase; PL, phospholipid; PH, pledcstrin homology. 
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other GRKs utilize additional mechanisms to promote membrane association, 
an event critical for receptor interaction, Rhodopsin kinase is famesylated 
(17, 18), GRX4 (55) and GRK6 (56) are palmitoylated, and GRK5 binds to 
phospholipids via polybasic regions in the N- and C-terminal domains (57, 58) 
(Figure 1). Recent studies have demonstrated that palmitoylation of GRK6 
plays an important role in membrane association of the kinase, thereby enhanc- 
ing its ability to phosphorylate receptor substrates (59). 

Another characteristic that appears specific for the GRK subtype involves 
regulation of kinase activity. For example, rhodopsin kinase has been shown 
to be inhibited by the Ca^+-binding protein recoverin (60). Calcium binding to 
recoverin promotes its association with the kinase, inactivating it and thereby 
reducing its ability to phosphorylate rhodopsin. Since calcium levels are de- 
creased upon light activation of rod cells (61), recoverin/rhodopsin kinase in- 
teraction might provide a mechanism for adaptation of the system to ambient 
light. Because recoverin has no effect on fiARK, regulation by recoverin may 
be specific for rhodopsin kinase (60). Recent studies also have demonstrated 
that )0 ARK and GRK5 are subject to regulatory phosphorylation via protein ki- 
nase C (PKC), a Ca^+/phospholipid-dependent kinase. )S ARK phosphorylation 
by PKC leads to an approximately two- to threefold activation of the kinase, 
possibly via an increased ability of /3ARK to bind to membranes (62, 63). In 
contrast, GRK5 is inhibited severalfold when phosphorylated by PKC because 
of both a decreased activity and a decreased affinity for receptor (64). Several 
recent studies have also implicated calmodulin in the calcium-dependent regu- 
lation of GRKs (65-67). Calmodulin is a potent inhibitor of GRK activity with 
a specificity for GRK5 (IC50 50 nM) > GRK6 » PARK (IC50 ^2 /xM) » 
rhodopsin kinase. The calmodulin-binding domain of GRK5 has been local- 
ized within the N-terminal domain of the kinase (67), a region also implicated 
in phospholipid binding (58). 

In addition to the ^2^^ several other GPRs were shown or suggested to be 
phosphorylated by GRKs, including the ml muscarinic cholinergic (mACh) 
(68), m2 mACh (69), m3 mACh (70), a2-adrenergic (71), angiotensiUjA (72), 
substance P (73), prostaglandin Ej (74), somatostatin (75), and olfactory (76) 
receptors. Although the GRKs phosphorylate multiple receptors in vitro, some 
studies demonstrated specificity among GPR substrates (77-80). 

Several different lines of evidence have directly implicated GRK phospho- 
rylation in desensitization of GPRs. Coexpression of GRKs with GPRs in het- 
erologous cells resulted in enhanced desensitization of the ^2-adrenergic (81), 
j^i-adrenergic (82), a,B-adrenergic (83), a2-adrenergic (79), thrombin (84), 
angiotensin IIj^ (72), A3 adenosine (85), m2 mACh (86), and luteinizing hor- 
mone/chorionic gonadotropin (55) receptors. Deletion or mutation of putative 
phosphorylation sites in the GPR cytoplasmic domains impaired desensitization 
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of the a2A-adrenergic (87), thrombin (84), m2 mACh (88), )02-adrenergic (89), 
luteinizing hormone/chorionic gonadotropin (90), neurokinin 2 (91), a,B-adre- 
nergic (92), and platelet-activating factor (93) receptors. Inhibition of 
activity with heparin diminished desensitization of the a2A-adrenergic (87), 
/92-adrenergic (94), and olfactory (78) receptors. Finally, coexpression of a 
dominant-negative PARK (containing a mutation that inhibits its catalytic ac- 
tivity) inhibited desensitization of the m2 mACh (88), angiotensin IIj^ (72), 
/32-adrenergic (95), /^i-adrenergic (82), a^B-adrenergic (83), 5-opioid (96), and 
A2 adenosine (97) receptors. Agonist-dependent phosphorylation also accom- 
panied desensitization of the cAMP receptor in Dictyostelium discoideum (98) 
and the a-mating factor receptor in yeast (99). 

In vivo evidence that GRXs are involved in desensitizing GPRs comes from 
both characterization of transgenic mice overexpressing specific GRKs and 
antisense strategies. Transgenic mice with cardiac overexpression of y^ARK 
were demonstrated to have blunted inotropic and chronotropic responses to 
isoproterenol, as well as reduced sensitivity to and maximal effect of y3AR~ 
stimulated adenylyl cyclase activity in myocardial membranes (1 00). Similarly, 
cardiac-specific overexpression of GRKS resulted in marked ^AR desensitiza- 
tion upon agonist stimulation (101). Interestingly, in the GRK5 transgenic 
mice, the response to angiotensin II stimulation was unchanged, while in the 
^ARK transgenic mice, the response to angiotensin II was attenuated (101), 
thus demonstrating specificity of GRKs in vivo. Finally, utilizing antisense 
GRK constructs, a role for )0ARK in agonist-induced desensitization of the 
^2-adrenergic (102) and H2 histamine (103) receptors and GRK5 in agonist- 
induced desensitization of the thyrotropin receptor (104) have been demon- 
strated in intact cells. 

ARRESTINS 

The arrestins are a class of soluble proteins that fimction in concert with the 
GRKs to stop or arrest intracellular signaling. In the continued presence of 
stimulus, arrestins ensure that each activated GPR is turned off first before 
reinitiating signal transduaion. The prototypic arrestin is a 48-kDa protein, 
originally called S-antigen, that was first discovered as a causative antigen of 
experimental autoimmune uveitis, a degenerative eye disease. Retinal S-anti- 
gen was subsequently demonstrated to be the 48-kDa protein regulating light- 
dependent signal transduction in rod photoreceptor cells (thus its name visual 
arrestin, also referred to as arrestin) (105). 

Visu al arrestin was initially characterized as a maj or protein that redistributed 
from the cytosol to the rod outer segment (ROsj disk membrane following 
light-activation of rhodopsin (106), and affinity purification of arrestin was de- 
scribed based on its light-dependent binding to rhodopsin (107). A bovine 
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arrestin cDNA was subsequently cloned and demonstrated to encode a protein 
of 404 amino acids (108, 1 09). Arrestin is highly restricted in localization, being 
found most abundantly in retinal tissue and the developmentally related pineal 
gland (110). Another retinal-specific arrestin protein was more recently cloned 
and found to be ^50% homologous to arrestin (111,112). This arrestin also 
demonstrated a highly restricted expressionpattern, being enriched in cone pho- 
toreceptors in the retina (thus its name cone arrestin) (111,112). Cone arrestin 
is also referred to as X-arrestin because its gene is localized on the X-chro- 
mosome. Based on the restricted localization of arrestin and cone arrestin pre- 
dominantly to the retina, it is inferred that these proteins specifically regulate 
photoreceptor GPRs. The conserved function of arrestins is highlighted by the 
cloning of two D, melanogaster visual arrestin genes (113,114). 

The light-dependent binding of arrestin to rhodopsin is highly enhanced 
by rhodopsin phosphorylation. Arrestin is soluble in the dark but associates 
with ROS disk membranes when rhodopsin absorbs light and is phosphory- 
lated by rhodopsin kinase (106). It was further shown that arrestin binding to 
rhodopsin absolutely requires rhodopsin to be both phosphorylated and in its 
active metarhodopsin II state (3). The affinity of arrestin/rhodopsin interac- 
tion was estimated to be ~50 nM based on the ability of arrestin to stabilize 
metarhodopsin II (3). Characterization of the arrestin/rhodopsin interaction 
was greatly facilitated by the in vitro translation of arrestin using a rabbit 
reticulocyte lysate translation system (115). In vitro translated arrestin bound 
specifically to the phosphorylated light-activated form of rhodopsin, exhibiring 

10-12-fold better binding to phosphorylated light-activated rhodopsin than 
either light-activated or phosphorylated dark rhodopsin (115). Importantly, in 
vitro translated arrestin binding to rhodopsin exhibited a similar affinity as pu- 
rifiied bovine arrestin binding to rhodopsin (1 15). Moreover, in vitro translated 
arrestin bound preferentially to rhodopsin compared to the /?2-adrenergic and 
m2 m ACh receptors ( 1 1 6, 1 1 7). 

Many studies have demonstrated that while phosphorylation of rhodopsin 
alone modestly desensitizes rhodopsin signaling, arrestin is required to ftiUy 
quench signaling and accelerate the recovery process (1 1 8, 1 1 9). The mecha- 
nism of arrestin quenching of rhodopsin signaling was postulated to be via a 
binding competition between arrestin and transducin for phosphorylated light- 
' activated rhodopsin, based on the observation that a crude ROS extract contain- 
ing transducin displaces arrestin from phosphorylated ROS membranes (106). 
In support of this hypothesis, it was shown that arrestin binding to rho dopsin sta- 
bilizes the active metarhodopsin II state but prevents rhodopsin from coupling to 
transducin (3). Moreover, recent direct binding studies using purified prepara- 
tions of arrestin and transducin have demonstrated that these proteins do indeed 
directly compete for binding to phosphorylated light-activated rhodopsin ( 1 20). 
The function and specificity of arrestin was shown in in vitro reconstitution 
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experiments where an ~1 :1 molar ratio of arrestin:phosphorylated light-activa- 
ted rhodopsin inhibits 50% of rhodopsin/transducin interaction, while -^1 00- 
fold higher concentrations were required for the same effect with phospho- 
rylated ^2^^ (1 10, 121). Interestingly, a truncated form of arrestin (lacking 
the last 35 amino acids and called p44) was identified and shown to strongly 
inhibit transducin activation by nonphosphoiylated light-activated rhodopsin 
(122). Furthermore, localization of p44 to ROSs indicates a possible role for 
this form of arrestin in regulating phototransduction (123), 

A role for arrestin in regulation of rhodopsin function in vivo was demon- 
strated in studies that genetically manipulated arrestin levels inZ). melanogaster 
photoreceptors. Interestingly, in the absence of arrestins, photoreceptors mani- 
fested light-dependent retinal degeneration likely due to the continuously acti- 
vated state of the photoreceptor GPRs ( 1 24). Moreover, in a more recent study, 
Xu et al (125) demonstrated that in the absence of arrestins, desensitization 
occurred at '^50% of the level of desensitization obtained in the presence of 
arrestin. Interestingly, this study is consistent with the observation that phos- 
phorylation of rhodopsin alone reduced transducin binding and activation by 
'-'30-50% (120). Arrestins also appear to be associated with degenerative re- 
tinitis pigmentosa caused by constitutively active rhodopsin mutants. In this 
case, phosphorylation of constitutively active rhodopsin mutants by rhodopsin 
kinase and subsequent arrestin binding apparently led to sequestration of the 
entire pool of arrestin, resulting in the appearance of a constitutively activated 
state of photoreceptor GPRs upon subsequent exposure to light (126). 

The potential role of an auxiliary protein in regulation of hormonal transduc- 
tion mediated by the /3AR was suggested by the ability of a partially purified 
/3 ARK preparation to inhibit up to --80% of Pi^^ signaling, while more highly 
purified ^ARK preparations only modestly inhibited signaling (127). These 
observations indicated that a cofactor in the partially purified preparation en- 
hanced the inactivating effects of j8 ARK. This protein was postulated to be an 
arrestin-like protein, as visual arrestin potentiated the inactivating effects of 
/9ARK on ^2^^^ signaling (127). Lohse et al (110) subsequently cloned the 
cDNA for jS-arrestin and found that it encoded a protein of 41 8 amino acids that 
is highly homologous to arrestin. Another nonvisual arrestin, called ^-arrestin2 
or arrestin3, was cloned from bovine brain (128), human thyroid (129), and rat 
brain (130) and found to encode a protein of 409 amino acids, ^-arrestin and 
arrestin3 exist as polypeptide variants with short and long forms of each having 
been identified ('^8-11 amino acid differences) (128). Overall, the arrestins 
are 45% identical and 70% similar between residues 16 and 349 of visual ar- 
restin (Figure 2). Similar to most of the GRKs, -arrestin and arrestin3 are 
ubiquitous (1 10, 128, 130). While )3 -arrestin appears to be the major nonvisual 
arrestin e>q)ressed in many tissues (128), arrestin3 is the predominant form in 



REGULATION OF GPRs 299 



nijiiniiiiiiiiiiiiii 



nrn 



Nonvisual 



Visual 



(-> 



Figure 2 Domain aichitectuie of arrestins. The sequences of the four known mammalian arrestins 
are represented schematically. The solid areas are regions of invariant amino acid sequence. The 
bifiircation near the C terminus represents divergence in sequence between the visual (arrestin and 
cone arrestin) and nonvisual (y9 -arrestin and arrestin3) arrestins. "A" represents the activation- 
recognition domain, "P" the phosphotylation-recognition domain, "S" the secondary hydrophobic 
interaction domain, "C" the clathrin binding domain, "-f " the basic amino terminus, and the 
acidic C terminus. 



olfactory epithelium (77). The ubiquitous expression patterns of /9-arrestin and 
arrestin3 suggest that unlike visual arrestin and cone arrestin, these arrestins 
have a relatively broad receptor specificity (Table 2). 

Similar to visual arrestin, in vitro translation of ^-arrestin and arrestinS have 
greatly enhanced characterization of their GPR binding properties. In vitro 
translated y9-arrestin bound to the m2 mAChR in a phosphorylation-dependent 
manner, with highest binding occurring to the agonist-activated phosphorylated 
form of the receptor (116). In vitro translated /S-arrestin and arrestin3 mod- 
estly discriminated between the m2 mACh and i^2-^drenergic receptors with 

values of 0.3-0.6 nM (1 17). Moreover, purified )3-arrestin from Sf9 insect 
cells bound to the ^2AR in a phosphorylation- and agonist-dependent manner, 
exhibiting a of ^2 nM and a stoichiometry of one ^-arrestin per receptor 
(131). In contrast to visual arrestin, ^-arrestin and arrestin3 interact quite well 
with phosphorylated non-agonist-activated GPRs (1 1 7, 1 3 1). 

The functional effect of nonvisual arrestins on GPR signaling has been 
demonstrated in many studies. A partially purified preparation of /3-arresrin 



Table 2 Molecular properties of arrestins 
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Arrestin rho » ^2^^ ^ m2 mAChR Rod cells 

^-Arrestin ^2^^ ^ mAChR > rho Ubiquitous 

Arrestins ^2^K ~ m2 mAChR > rho Ubiquitous 

Cone arrestin Unknown Cone cells 



2q37 
llql3 

17pl3 

Xcen-q21 



Tluee splice variants 
Two splice variants, 

clathrin binding 
Two splice variants, 

clathrin binding 
Unknown 



^ho, rhodopsin. 
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inhibited the ability of ^ ARX-phosphorylated P2^K but not phosphorylated 
rhodopsin, to activate by >75% (110), indicating that ^-arrestin works in 
concert with fiARK to effect agonist-specific desensitization of the /32AR. It 
was further shown in reconstitution experiments with purified proteins that a 
1-1.5:1 molar ratio of ^-arrestin or arrestin3:phosphorylated ^2^"^ results in 
50% inhibition of Gg activation, and '^20-1 00-fold higher amounts of )S-arrestin 
or arrestinS were required for inhibition of rhodopsin-stimulated transducin ac- 
tivation (121, 130). These results confirm the specificity of GPR interaction 
observed in in vitro binding studies. Importantly, the ability of /9-arrestin to 
inhibit P2^^^s coupling was enhanced dramatically by fiARK phosphory- 
lation of the i^iAR but not PKA phosphorylation of the ^2^R (121, 132), a 
modification which also uncouples the fii^^ from Gs (132, 133). The con- 
certed action of ^-arrestin and /3 ARK on inhibiting ^2^^"Stimulated adenylyl 
cyclase activity was also demonstrated using cell membranes from A431 cells 
(131). 

A role for arrestins in homologous desensitization of GPR signaling in vivo 
has been illustrated by several studies. Addition of arrestin3-specific polyclonal 
antibodies to permeabilized olfactory ciha blocked desensitization of odorant 
receptors (77). Moreover, in intact cells, coexpression of /3-arrestin or arrestin3 
enhanced desensitization of the ^2-a'drenergic (8 1 ), ^adrenergic (82), and a ^ g- 
adrenergic (83) receptors. Finally, coexpression of j8-arrestin synergistically 
enhanced the functional desensitization of the m2 mAChR by ^ARK (86). 
Interestingly, in the latter study overexpression of ^-arrestin alone with the m2 
mAChR did not enhance receptor desensitization in JEG-3 cells, suggesting 
specifically that GRKs are limiting in JEG-3 cells and more generally that the 
role of GRKs and arrestins in regulation of GPR signaUng in different cells is 
likely dependent on both the receptor and cell type. 

Molecular Nature of GPRJArrestin Interactions 
The observation that arrestins discriminate between the agonist-activated and 
non-agonist-activated state of GPRs suggests that these molecules contain a 
domain(s) that specifically contacts those regions of GPRs that manifest their 
activated state (likely to be in the cytoplasmic domains of the GPR). Initial 
localization of this region (called the activation-recognition region) was pro- 
vided by the observation that a truncated in vitro translated arrestin containing 
only the N-terminal half of the molecule (residues 1-191) partially retained 
the ability to recognize the light-activated state of rhodopsin (1 1 5). Moreover, 
the far C terminus was not likely to be involved in this function because p44 
arrestin interacts very well with light-activated rhodopsin (122). It was further 
demonstrated that at least three regions within the N-terminal half of arrestin 
are involved in recognizing the light- activated state of rhodopsin (134). The 
N-terminal half of j8-arrestin and airestin3 also retained the ability to recognize 
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the agonist-activated state of GPRs, indicating that the activation-recognition 
region of all arrestins is likely contained within the N4erminal half (1 16, 1 17) 
(Figure 2). Utilizing synthetic peptides from the cytoplasmic sequence of 
bovine rhodopsin, Krupnicket al (135) demonstrated that visual arrestin likely 
interacts with the third, and to a lesser extent with the first, cytoplasmic loop 
rhodopsin sequences and that these regions of rhodopsin are likely the counter- 
part for the activation-recognition region(s) of arrestin. Moreover, direct bind- 
ing studies using various GST-receptor fusion constructs demonstrated that the 
third cytoplasmic loops of the ml and m3 mAChR and ajAR specifically bind 
the nonvisual arrestins (136), 

The ability of arrestins to discriminate between the phosphorylated and non- 
phosphorylated states of the GPR indicates that there is also a region(s) of 
arrestins that specifically contacts the corresponding portion of the GPR that is 
phosphorylated upon agonist activation. It was initially postulated that this 
region (called the phosphoiylation-recognition region) is a cationic region, 
since heparin and other polyanions compete efficiently with phosphorylated 
light-activated rhodopsin for arrestin binding (137). Direct evidence that the 
phosphorylation-recognition region of arrestin is located in its N-terminal half 
wasprovided by the observation that a truncated form of arrestin containing only 
its N-terminal half (residues 1-191) retains the ability to recognize the phospho- 
rylated state of rhodopsin (115). Moreover, the N-terminal half of /S-arrestin 
and arrestin3 also retained the ability to recognize the phosphorylated state of 
them2mACliR(116,117). 

Extensive mutagenesis of arrestin subsequently localized the phosphoryla- 
tion-recognition region to a small discrete domain in the N temiinus (Figure 2). 
While arrestin tmncated at residue 185 bound to phosphorylated light-activated 
rhodopsin and phosphorylated dark rhodopsin, arrestin truncated at residue 1 58 
demonstrated a significantly reduced capacity to recognize the phosphorylated 
form of rhodopsin, thus locahzing the site between residues 158 and 185 (134). 
Consistent with this localization was the observation that an antibody to residues 
170-182 of arrestin did not recognize it when bound to phosphorylated light- 
activated rhodopsin, and a 1 70-1 82 peptide from arrestin competed for arrestin 
binding to phosphorylated light-activated rhodopsin (138). Furthermore, prote- 
olysis of the C terminus of phosphorylated rhodopsin reduced interaction with 
the 170-182 arrestin peptide, strongly indicating that this region of arrestin 
interacts with the phosphorylated C terminus of rhodopsin (138), Mutagenesis 
of individual residues within region 158-1 85 of arrestin identified several basic 
residues critical for phosphate interaction, mainly Arg 1 7 1 , Arg 1 75, and Ly s 1 76 
(139). Moreover, Argl75 appears to function as a phosphoiylation-sensitive 
trigger, since neutralization or reversal of this charge resulted in a constitu- 
tively active (phosphorylation-independent) arrestin that has high affinity for 
nonphosphorylated light-activated rhodopsin (139). 
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A conformational change in arrestin upon its binding to phosphorylated 
light-activated rhodopsin (regulating its strict binding selectivity) was initially 
suggested by the observation that binding of arrestin to phosphorylated light- 
\ activated rhodopsin proceeds with a large Arrhenius activation energy (3). A 
conformational change in arrestin was also indicated by an increase in its sen- 
, Sitivity to limited proteolysis when bound to phosphorylated light-activated 
V rhodopsin (137). Identification of the activation-recognition and phosphoryla- 
■tion-recognition regions of arrestin (primary interaction sites) led to a model for 
; this conformational change in which simultaneous engagement of these regions 
^ in arrestin with the corresponding regions in phosphorylated light-activated 
' rhodopsin results in a conformational change that exposes a secondary hy- 
[ drophobic binding site (located between residues 1 9 1 and 3 65) for high-affinity 
-interaction (134) (Figure 2), Indeed, the involvement of hydrophobic interac- 
tions is supported by the ability of salt to stimulate arrestin binding to phosphor- 
ylated light-activated rhodopsin (134). Consistent with this model, a synthetic 
' phosphopeptide from the C terminus of rhodopsin promoted arrestin binding to 
light-activated nonphosphorylated forms of rhodopsin, indicating that a major 
' function of rhodopsin phosphorylation is to stimulate arrestin binding to other 
regions on the cytoplasmic surface of light-activated rhodopsin (140). 

A role for the C terminus of arrestin in regulating the putative confor- 
mational change was suggested by the abihty of C-terminally truncated ar- 
restin and p44 to bind well to both phosphorylated dark rhodopsin and light- 
activated rhodopsin, thus demonstrating httle selectivity for phosphorylated 
light-activated rhodopsin (115, 122, 141). Further mutagenesis suggested that 
an intramolecular interaction between the basic N terminus and acidic C ter- 
minus of arrestin regulates its selectivity for binding to phosphorylated light- 
. activated rhodopsin (116, 1 17, 142). Thus, the C terminus hkely maintains a 
.rigid structure of arrestin (possibly by interacting with its own N terminus) 
: until rhodopsin is both agonist-activated and phosphorylated, upon which ar- 
restin/rhodopsin interactions may replace intramolecular arrestin interactions 
i:(l41 ). The lack of selectivity of C-terminally truncated arrestins for phosphor- 
, ylated light-activated rhodopsin, therefore, is likely due to the failure of these 
mutant arrestins to maintain a rigid structure, leading to aberrant accessibihty 
. of the secondary hydrophobic interaction site. 

Since arrestin and jS-arrestin display different selectivity for binding to GPRs, 
; arrestin/^-arrestin chimeras were instrumental in uncovering regions of ar- 
restins critical for directing GPR binding specificity. At least one domain in- 
volved in conferring GPR binding specificity is located in the N-terminal half 
of ^-arrestin (116). More extensive analysis of arrestin/^-arrestin chimeras 
subsequently indicated that two large centrally located domains in arrestin (be- 
tween residues 4 8 and365) and ^^-arrestin (between residues 45 and367) confer 
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specificity of binding to GPRs (1 17). Importantly, exchanging the N- and C-ter- 
minal ends of arrestin and ^-arrestin did not dramatically alter GPR binding 
specificity, consistent with the likely role of these regions in regulating the 
conformation of arrestins (117). 

AGONIST-INDUCED INTERNALIZATION OF GPRs 

Another level of regulation of GPRs is their internalization or sequestration 
following agonist exposure. Numerous studies have demonstrated that ag- 
onist exposure promotes the translocation of GPRs from the cell surface to 
an intracellular compartment distinct from the cell surface. Sequestration was 
thus originally defined as the agonist-induced internalization of GPRs from the 
plasma membrane to an ill-defined C3^osolic compartment such that the GPRs 
are physically sequestered from the membrane-bound G protein. 

The rapid redistribution of cell surface ^2ARs was initially discovered when 
it was observed that agonist treatment of bullfrog erythrocytes resuUs in a 
decrease in cell surface ^2^^ with a concomitant increase in intracellular 
)32ARs (143). Moreover, early ligand-binding studies with the i^i^R demon- 
strated a progressive loss of high-affinity binding of agonists during the course 
of the binding assay, suggesting a loss of ^SiARs from the plasma membrane 
(144, 145). The internalized )32ARs were not accessible to hydrophilic Ugands 
but were accessible to hydrophobic Hgands (146), thus providing a means for 
measuring ^2^^ sequestration. Sequestered ^2ARs were found to be associated 
with a "light vesicle" fraction that could be separated from a "heavy vesicle" 
fraction (plasma membrane) by sucrose density gradient fractionation (147). 
The Ught vesicle fraction was deficient in plasma membrane markers and con- 
tained distinct hydrodynamic and permeability properties, indicating physical 
separation of the ^2^^ the plasma membrane (147-149). 

Sequestered )82ARs displayed a reduced binding affinity for agonists and a 
lack of effect of guanine nucleotides on agonist binding (147), both hallmarks 
for absence of GPR/G protein coupling. The translocation of p2^^^ ^^^^ ^^e 
plasma membrane to an intracellular compartment occurred very rapidly, ex- 
hibiting a ti/2 of ^2 min after a delay of ~1 min (149). ^2^*^ sequestration 
was apparently independent of ^2AR/Gs coupling (150), and the only require- 
ment for sequestration appeared to be agonist occupancy of the ^^2^^-, since 
a direct correlation between ^2^^ occupancy and sequestration was observed 
(94). Perhaps the best study to date on the sequestration of the /^jAR used 
immunocytochemistry to investigate the subcellular receptor localization. Us- 
ing conventional and confocal fluorescence microscopy, it was demonstrated 
that the rapid agonist-induced translocation of the ^2^^^ ii^^o the cytosol of 
HEK293 cells (within 2 min of agonist exposure, the ^2^^ redistributed in 
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small intracellular punctate accumulations) temporally parallels sequestration 
of the p2^R measured by radioligand binding (151). 

Several lines of evidence have suggested that the agonist-induced transloca- 
tion of the ^2AR from the plasma membrane to intracellular vesicles occurs via 
the clathrin-coatedpit/endosome pathway employed by constitutively recycling 
receptors (i.e. low-density lipoprotein and transferrin receptors) and growth fac- 
tor receptors [i.e. epidermal growth factor (EGF) receptor]. Incubation of as- 
trocytoma cells with EGF and isoproterenol resulted in comigration of the EGF 
receptor and ^2^^ to low-density regions of sucrose gradients, suggesting that 
these receptors are processed in parallel (1 52). Moreover, techniques that dis- 
rupt internalization through clathrin-coated pits (i.e. hypertonicity treatment, 
cytosolic acidification, intracellular potassium depletion, reduced temperature, 
and reduced cellular ATP) also dismpted internalization of the ^2AR (153- 
155). The rapid kinetics of fii^^ intemalization also suggested an endocytic 
pathway involving clathrin-coated pits (156). Finally, immunocytochemical 
subcellular localization of the ^2^^ following agonist treatment demonstrated 
colocalization with the transferrin receptor, suggesting that sequestered p2^^^ 
undergo processing in a manner similar to that for the constitutively recycling 
transferrin receptor (151). 

Radioligand binding and immunohistochemical teclmiques have also demon- 
strated an agonist-induced translocation of other GPRs from the plasma mem- 
brane to an intracellular site. These GPRs include the various mACh (157), 
fM' and 5-opioid (158), and 5-hydroxytryptamine2A (159) receptors. Similar 
techniques as described above for the p2^R also were used to demonstrate 
that the mACh (160, 161), 8- and //.-opioid (158, 162), 5-hydroxytryptamine2A 
(159), and a,B-adrenergic (163) receptors intemahze via clathrin-coated pits. 
Moreover, a temperature-sensitive clathrin heavy chain mutant was used to 
demonstrate that the yeast pheromone receptor internalizes via clathrin-coated 
pits ( 1 64). To date, there is no evidence that the photoreceptor rhodopsin under- 
goes light-induced intemalization, consistent with the localization of rhodopsin 
to the ROS disk membrane, a site that is already internalized relative to the 
plasma membrane. 

Internalization of GPRs as a Possible Mechanism 
for Desensitization 

Sequestration of the ^2^^ was originally proposed to be a mechanism for 
desensitization based on the observation that the light membrane fraction con- 
taining sequestered y^i^Rs did not contain G^ (149). Moreover, intraperitoneal 
injection of isoproterenol into rats resulted in rapid desensitization of the PAR 
accompanied by translocation of '--40% of the receptors from the plasma mem- 
brane to a light vesicle fraction (165). Similar studies also demonstrated that 
rapid ^2^^ desensitization was associated with a loss of cell surface receptors 



REGULATION OF GPRs 305 



(166). Finally, by applying specific inhibitors to digitonin-pemeabilized A431 
cells, Lohse et al (94) demonstrated that sequestration of the p2^R alone con- 
tributes -'20-30% to desensitization of this GPR. 

While there are studies indicating that sequestration of the /^jAR may be 
linked to its rapid agonist-induced desensitization, it is clear that sequestration 
alone cannot fully explain desensitization. In fact, many studies suggested that 
sequestration of the ^zAR does not even contribute to its desensitization. For 
example, inhibiting p2^R sequestration through clathrin-coated pits did not 
inhibit its rapid agonist-induced desensitization (152-155, 167). Moreover, 
several studies demonstrated that the rapid agonist-induced desensitization of 
the )82AR occurs more rapidly than its internalization (148, 149, 168). Lastly, 
several studies demonstrated that the extent of sequestration of the ^2AR is 
not as great as the extent of reduction in agonist-stimulated adenylyl cyclase 
activity (5, 94), Taken together, these studies thus distinguish the rapid initial 
uncoupling of )82AR/Gs interaction from ^2AR sequestration. 

Several studies have suggested that sequestration of other GPRs contributes 
to their desensitization. For example, mutation of C-terminal Tlir residues in 
the m3 m AChR severely impaired its sequestration and its ability to desensitize 
(160). Moreover, alteration of receptor density at the cell surface appeared 
to be the major determinant for the observed agonist-induced desensitization 
of the /z-opioid receptor (169), The majority of studies, however, indicate 
that these two phenomena are distinct because the processes of desensitization 
and internalization of the angiotensin,A (170), Dl dopamine (171), m2 mACh 
(88), secretin (172), neurokinin 1 (173), and histamine H2 (1 74) receptors were 
independent; 

Internalization of GPRs as a Possible Mechanism 
for Resensitization 

Although GPR sequestration may not be essential for rapid agonist-induced de- 
sensitization, recent studies have indicated that it may play a role in accelerating 
recovery from desensitization (a process commonly referred to as resensitiza- 
tion). Several studies indirectly demonstrated that internalization is involved 
in resensitization of the J82AR. While treatment with isoproterenol resulted in 
rapid sequestration of the ^2^^, internalized receptors were found to return to 
the cell surface following removal of agonist (146, 149, 175). Moreover, during 
agonist-induced steady state redistribution, the ^2AR appears to undergo repet- 
itive endocytosis and recycling back to the plasma membrane (176). Finally, 
sequestered ^2ARs were stmcturally intact and capable of stimulating adenylyl 
cyclase when subsequently reconstituted (177, 178). 

It was directly shown that sequestration of the ^2AR promotes its resensi- 
tization, since inhibition of P2^R internalization through clathrin-coated pits 
with either concanavalin A or sucrose prevented resensitization (167, 179). It 
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was subsequently proposed that p2^^ sequestration restores its function by 
enabling a vesicle-derived phosphatase to dephosphorylate the ^2^^> follow- 
ing which the dephosphorylated functional ^2^^ is recycled back to the cell 
surface (167). Interestingly, early studies actually suggested this model when 
it was observed that sequestered Pj^^ were phosphorylated to a lesser de- 
gree ('^0.75 mol/mol stoichiometry) than the total cellular pool of (^2. 1 
mol/mol stoichiometry), and the light vesicle fraction was shown to contain 
a potent phosphatase activity capable of dephosphorylating ^2^^^ previously 
phosphorylated by PARK (180). The critical importance to ^2AR resensiti- 
zation of both a phosphatase activity and subsequent recycling of functional 
receptors back to the plasma membrane was demonstrated by the ability of 
calyculin A, an inhibitor of protein phosphatases, and monensin, an inhibitor 
of intracellular trafficking, to block resensitization of the ^2^^ (167). 

Recently, a protein phosphatase capable of dephosphorylating ^ARK-phos- 
phorylated ^2^^ (called G protein-coupled receptor phosphatase or GRP) was 
purified from bovine brain and shown to be a latent oligomeric form of protein 
phosphatase 2A (181). It was further postulated that a specific conformation 
of the ^2^R> induced by intracellular vesicular acidification, was required for 
GRP to dephosphorylate the ^2^R» since disaiption of endosomal acidic pH 
blocks association of the ^2^R with GRP and subsequent Pi^^ dephosphory- 
lation (182). A general model for the role of agonist-induced sequestration in 
regulation of y^2^R function is schematically illustrated in Figure 3. 

Other studies have also suggested a role for internalization of GPRs in re- 
sensitization. Agonist exposure of aig-ARs resulted in rapid internalization, 
and the internalized GPRs were reactivated and continuously recycled back to 
the plasma membrane during agonist exposure (163). Moreover, endocytosis 
of the neurokinin 1 receptor was demonstrated to be critical for its resensitiza- 
tion (173). Similar to the P2AR, both a phosphatase activity and recycling of 
functional receptors back to the plasma membrane were found to be critical for 
resensitization of the neurokinin 1 receptor (173). Internalization of the throm- 
bin receptor also appears to be central to its resensitization but in a slightly 
unique manner involving an already internalized, golgi-localized intracellu- 
lar pool of thrombin receptors. Agonist stimulation of the thrombin receptor 
induced its internalization and subsequent targeting to lysosomes while the in- 
tracellular pool of thrombin receptors was translocated to the cell surface to 
replenish functional receptors (183). 

Unlike many GPRs, internalization of the photoreceptor rhodopsin likely 
does not occur and is not a mechanism for its resensitization. A few studies have 
shed light on the unique manner in which rhodopsin is resensitized. Arrestin 
was found to inhibit dephosphorylation of freshly photoactivated rhodopsin 
by protein phosphatase 2A, suggesting that arrestin dissociation must occur 
before dephosphorylation of rhodopsin and may in fact regulate this process 




■'.^i'l Figure 3 Model depicting the desensitization, sequestration, and re sensitization of the 
^-adrenergic receptor (^2^^)- Upon agonist binding, the receptor is initially desensitized by G 
- V protein-coupled receptor kinase (GRK) -mediated phosphorylation and ^-arrestin binding. The 
; ' ^-arrestin-bound receptor is then targeted to clathrin-coated pits where it is endocytosed. Endoso- 
... mal acidification promotes receptor and G protein-coupled receptor phosphatase (GRP) association 
and dephosphoiylation of the receptor. The receptor then recycles back to the cell surface where it 
can againbe activatedby agonist. "A" represents agonist and"PP" the sites of GRK phosphorylation 
.on the receptor. (Reprinted with permission from 182.) 

' (184).' In order to recycle rhodopsin for phototransduction, not only must ar- 
,v' vv Testin dissociate from rhodopsin, but the bleached retinal chromophore must 
V>-; also be replaced. It was demonstrated that reduction of all-rm«5'-retinal to all- 
- • v; ft^artMetinol by retinol dehydrogenase followed by dissociation of all-rran^"- 

' V. •ly' - A'ij.g^jnol frorii rhodopsin and rebinding of ll-OT-retinal were essential for re- 
, ; V cycling of rhodopsin (185). Thus, the current model for resensitization of 
\'rh^ the ROS disk membrane involves reduction of all-/rfln^-retinal 

_ (metarhodopsin II state) to all-rranMetinol, dissociation of all-rran.y-retinol 
from rhodopsin, dissociation of arrestin from opsin (removal of arrestin block- 
. ade), dephosphorylation of opsin, regeneration of the chromophore (rebinding 
■ ■ of 1 l-c/i'-retinal), and dissociation of the rhodopsin phosphatase. 

: : Role of GRKs and Arrestins in Internalization of GPRs 

Early studies on the ^AR were inconclusive on the role of phosphorylation 
in sequestration of this GPR. Truncation of the C terminus of the ^AR at 
residue 365 or 354 (removing some or all putative )8 ARK phosphorylation sites, 
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respectively) did not affect its sequestration (89, 186). In contrast, truncation 
proximal to residue 354 (also removing all putative /3ARK phosphorylation 
sites) significantly impaired sequestration of the ^2^R (187). Moreover, a 
^2AR mutant containing mutation of four putative /3 ARK phosphorylation sites 
in the C terminus was defective not only in agonist-induced phosphorylation 
and desensitization but also in sequestration (188). 

Evidence is now accumulating that agonist-induced phosphorylation is likely 
important for the internalization of many GPRs. A Ser/Thr-rich sequence was 
postulated to play an important role in sequestration of the ml, m2, and m3 
mAChRs(189). Moreover, either truncation or mutation oftheSer/Thr residues 
in the C terminus of the thrombin receptor inhibited both its agonist-induced 
phosphorylation and sequestration (190). In addition, C-terminal deletions or 
point mutations of Ser/Thr residues in the C terminus of the ^-opioid receptor 
significantly reduced its agonist-induced intemahzation (162). 

Recent studies have directly demonstrated a role for GRKs in agoni st-induced 
sequestration of GPRs. p ARK phosphorylation of the m2 mAChR enhanced its 
sequestration, and coexpression of the m2 mAChR with a dominant-negative 
PARK decreased sequestration (191). The direct role of phosphorylation of 
the y32AR in its sequestration was demonstrated using a phosphorylation- and 
sequestration-defective /32AR (i^2AR- Y326 A) (192). Overexpression of ARK 
with )82AR-Y326A enhanced its phosphorylation and sequestration (193). 
Moreover, in addition to ^ ARK, GRKs 3-6 enhanced phosphorylation and se- 
questration of p 2AR- Y326 A with the agonist-dependent rescue of phosphoryla- 
tion correlating with the rescue of internalization ( 1 94). Interestingly, coexpres- 
sion with GRK4 and GRK6 resulted in agonist-independent phosphorylation 
of ^2AR-Y326A accompanied by an increase in basal receptor sequestration 
(194). Further evidence that /3ARK directly plays a role in p2^R sequestra- 
tion was provided by the observation that dominant-negative y3 ARK attenuates 
both phosphorylation and sequestration of coexpressed wild-type ^2^^ (^93)- 
It is now becoming evident that the ability of GRKs to promote sequestra- 
tion of GPRs is dependent on the arrestins. Overexpression of ^-arrestin or 
arrestin3 alone with )82AR-Y326A promoted its sequestration, and this effect 
was enhanced by PARK coexpression (195). Moreover, mutants of i^-arrestin 
(V53D) and arrestin3 (V54D) inhibited the ability of ^ARK to rescue seques- 
tration of ^2A^^-Y326A and inhibited sequestration of coexpressed wild-type 
fi2^R (195). These mutant arrestins have thus been referred to as dominant- 
negative proteins. The role of both GRKs and arrestins in regulating sequestra- 
tion of GPRs was highlighted by recent observations that ^2^^ sequestration 
in different cell types apparently correlates best with the expression levels of 
both ^ARK and y8-arrestin (196) and that sequestration of the m2 mAChR 
is synergistically regulated by both pARK and j0-arrestin (86). Interestingly, 
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coexpression of the angiotensini^ receptor, a GPR that does not normally in- 
ternalize via clathrin-coated pits, with /9-arrestin promoted its internalization 
through the classic clathrin-mediated endocytic pathway (197), These results 
thus clearly establish a direct role for anestins in internalization of GPRs and 
suggest that this effect occurs through clathrin-coated pits. 

Recent studies have demonstrated that arrestins can both desensitize agonist- 
activated GPRs and promote their sequestration by interacting not only with the 
GPR but also with clathrin, the major protein component of the clathrin-based 
endocytic machinery (198). It was observed that ^-arrestin and arrestin3, but 
not visual arrestin, interact specifically, stoichiometrically, and with high affin- 
ity and rapid kinetics with clathrin. Moreover, immunofluorescence analyses 
demonstrated that the activated p2^^ y3-arrestin, and clathrin all colocalize 
in intact cells upon agonist addition, suggesting that the arrestin/clathrin in- 
teraction observed in vitro also occurs in cells in the presence of an activated 
receptor. Thus, ^-arrestin and arrestin3 appear to act as a signal for internaliza- 
tion of agonist- activated GPRs by virtue of their ability to target the desensitized 
receptor to clathrin-coated pits. By interacting with high affinity with both re- 
ceptors and clathrin, the nonvisual arrestins thus fiiifill the requisite fimctional 
properties of an adaptor protein. In light of the many studies demonstrating 
that internalization is intricately involved in regulating GPR activity as well 
as many studies demonstrating that arrestins interact with multiple GPRs, it 
is tempting to speculate that many other GPR signaling systems will utilize 
a similar mechanism of arrestin-promoted internalization of agonist-activated 
phosphorylated receptors through clathrin-coated pits. 

The predominant clathrin binding domain in nonvisual arrestins has been 
localized to hydrophobic and acidic residues between amino acids 367 and 3 85 
in aniestin3 (199). Interestingly, the two visual arrestins, arrestin and cone ar- 
restin, lack significant portions of this domain and are not very homologous with 
the remaining residues (Figure 2). These results correlate well with character- 
ization of the binding doinain in clathrin for nonvisual arrestins (200). In the 
latter study, a small region of highly conserved residues in the clathrin heavy 
chain N-terminal domain containing critical basic and hydrophobic residues 
was found to be important for arrestin binding. Thus, it is likely that ionic and 
hydrophobic and^or hydrogen bonding interactions contribute to high-affinity 
binding between nonvisual arrestins and clathrin. 

Other GPR signaling systems will likely utilize a similar mechanism for 
regulation of signaling, whereby binding of nonvisual arrestins to the agonist- 
activated GRK-phosphorylated GPR results in concomitant desensitization and 
targeting of the GPR to clathrin-coated pits for internalization. By virtue of their 
ability to promote internalization of GPRs, a process now believed to be crit- 
ical for recovery of responsiveness following agonist-induced desensitization, 
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GRKs and arrestins have now been linked to both the desensitization and re- 
sensitization of GPRs following agonist stimulation. This raises the intriguing 
possibility that these proteins may have other functions as well 
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